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Abstract 
This is exploratory research, driven by industry requirements for a new and flexible 
manufacturing process which incorporates and exploits high performance materials 
for novel applications. The research was an investigation of the feasibility of the 
production of metal adaptive composites by embedding active/passive fibres, using an 
innovative Ultrasonic Consolidation (UC) technique. The UC process combines the 
ultrasonic welding of metals with layered manufacturing techniques, to produce 
freeform metal components using high frequency, Iow amplitude, mechanical 
vibration. 
In this study, two key mechanisms were identified which lead to embedding of fibres 
within a metal matrix, known as the surface effect and volume effect. The surface 
effect describes the interfacial friction between the two mating surfaces, while the 
volume effect concerns the internal stresses and plastic deformation within the metal, 
during ultrasonic oscillation. A model was formulated to describe how calculations 
for weld strength may be derived based on the theory of surface and volume effect. 
Through the application of the model, it was possible to demonstrate that the weld 
strength of welded specimens may be 7% greater than the tensile strength of the base 
metal. 
In addition, the identification of these mechanisms led to successful embedding of 
Sigma silicon carbide fibres, thermally sensitive shape memory alloy fibres and 
damage intolerant optical fibres. Large amonnts of plastic flow was observed, within 
the matrix, as it deformed around embedded fibres, at typically 25% of the melting 
temperature of the base metal and at a fraction of the clamping force when compared 
to fusion processes, resulting in fully consolidated specimens without damage to the 
fibres. Microscopic observation techniques and macroscopic functionality tests were 
performed to demonstrate the thermo-mechanical response of specimens embedded 
with shape memory alloy fibres and light transmission through the embedded optical 
fibre within aluminium matrix. 
- i -
The experiments conducted during this research confirmed that the UC process could 
be applied to the fabrication of metal-matrix composites and adaptive composites, 
where conventional metal matrix composite fabrication techniques are not feasible 
and where a 'cold' embedding process is required. The eventual aim of this research 
is targeted at the fabrication of adaptive composite structures having the ability to 
measure external stimuli and respond by adapting their structure accordingly, through 
the action of embedded active and passive functional fibres within a freeform 
fabricated metal-matrix structure. 
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Introduction 
1.1 Motivation 
1.1.1 Future Possibilities of Metal Adaptive Composites 
Adaptive composite structures, or 'smart' materials, are novel engineering materials 
which can monitor and/or alter their structure to adapt to engineered situations (Galea, 
2001). For example, buildings and bridges could reinforce themselves during 
earthquakes and seal cracks on their own accord (Flatau, 2000), and aircraft wings, 
so-caIIed morphing wings, could reconfigure their shape and surface texture to adapt 
to monitored flying conditions. 
Adaptive structures, embedded with sensors and/or actuators, are currently attracting 
worldwide interest because of their potential use in damage detection, structural 
health monitoring, noise reduction, vibration suspension and self-repair (Chung, 2002; 
Flatau, 2000). In particular, many of the lead application areas are seen to be in the 
aerospace sector. This sector has traditionaIIy been the proving ground for 
innovations which have found their way into more general applications. Examples of 
aerospace applications are wing structures, unmanned aerial vehicles (UA V), 
satellites, space robots etc. Other sectors that may be benefit from adaptive structures 
are, 
• Civil infrastructures, such as bridges, highway systems, buildings, power plants, 
underground structures. 
• Marine and offshore structures, such as submarines, ships and drilling rigs. 
• Automobiles, car and train body panels. 
• Medical devices, such as implants and health monitoring devices. 
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Functional elements, such as optical fibre sensors, shape memory alloy fibres, 
piezoelectric materials, thin-film micro-electromechanical system (MEMS) and 
electrorheological fluids, can be divided into various groups based on their function in 
a structure (Flatau, 2000; Janocha, 1999). In this research, functional elements were 
classified into active elements and passive elements. An active element is referred to 
as a material capable of actuation to alter its condition or to conform to an input signal 
(Flatau, 2000). Shape memory alloy (SMA) fibres are active fibres which could alter 
their dimension and induce an actuation force when activated. In contrast, a passive 
, 
element will respond to a change in state, without the use of an external energy/signal 
and may output a signal by itself as a change in state occurs (J anocha, 1999). An 
optical fibre sensor is a good example of passive functional element/fibre, which, 
when embedded in a structure, will allow the structure to monitor integrity during 
manufacturing and service. These sensors could replace many of the functions 
traditionally performed by humans where conventional inspection techniques ate 
required and will enable 'real-time' feedback in the event of structural failure (Li, 
2003; Leng, 2003). 
For the new generation of adaptive structures, then both active and passive elements 
will be embedded within the same structure, so that closed loop feedback and 
immediate response to external stimuli is possible (Balta, 2005). Figure 1.1 shows an 
example of an adaptive composite structure, in which optical fibre sensors detect 
mechanically or thermally induced strain and transmit a signal to a control system to 
analyse and, ultimately, activate selected SMA fibres within the same structure. 
~~~~~~~~~~~~~~~~i~~~f Optical signal flowing through optic fibre 
Figure 1.1 
-+ Heating up SMA Fibres Aluminium matrix 
+- To signal processing devices 
Optical Fibre sensor 
Schematic diagram showing structure embedded with both active and 
passive fibres 
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Recent developments in adaptive composites, and their fabrication techniques, have 
focussed on polymer-matrix adaptive structures. Despite their relative low cost, light 
weight and ease of fabrication, polymer-based adaptive composites possess 
limitations in service temperatures and strength, suffering from relatively fast 
degradation, within polymeric molecular chains, leading to diminished service 
performance, when compared to metals (Afaghi-Khatibi, 2000). Polymeric structures 
also possess environmental problems (many are not recyclable) and suffer shrinkage, 
within the polymer during fabrication, which leads to high residual stresses around the 
embedded fibres or elements (Afaghi-Khatibi, 2000). 
Though polymer based adaptive structures are emerging as commercial solutions, 
there is still the demand for more robust metal-matrix structures to withstand the 
hostile environments and/or meet safety regulations. Examples of this include wing 
structures, engine chambers of commercial aircrafts, ships, buildings and even car 
body panels. Research, around the world, is beginning to focus on adaptive metal-
matrix composite applications and it is within this field that the current research will 
focus, specifically on the fabrication of embedded active/passive functional elements. 
1.1.2 Limitations of Existing Fabrication Technologies 
Many studies exist for metal-matrix adaptive composites, predominantly, using 
existing, 'non-adaptive', fabrication techniques. Existing metal-matrix composite 
(MMC) fabrication techniques are generally based on powder metallurgy, metal spray 
technology or casting technologies to form the matrix around continuous fibres 
(Clyne, 1993). However, many of these techniques have well documented 
shortcomings such as the accumulation of residual stresses, due to thermal mismatch, 
between reinforcement and matrix material, and fibre fracture, resulting from thermal 
disparity in the materials used, or damage during final consolidation (normally in the 
hot isostatic pressing process) of the material to full density. These aspects will be 
discussed in Chapter 2. 
In terms of metal-matrix adaptive composite fabrication, then the problems of stress 
and temperature, associated with existing fabrication techniques, become clear when 
handling delicate or fragile active/passive functional elements. If, for example, we 
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were to consider embedding an SMA fibre within a metal matrix, then most existing 
matrix processing temperatures would exceed the decomposition temperatures of 
SMA, potentially eliminating the transformation effect (Recarte, 2004). Conversely, 
if we were to consider embedding optical fibre sensors, for structural health 
monitoring systems, then high pressures and high temperatures typically experienced 
in existing matrix processing techniques would lead to failure in the embedded fibres 
(Li,2003). 
1.1.3 Emerging Opportunities for Rapid Manufacturing 
Current additive manufacturing processes, many based on rapid manufacturing (RM) 
technologies, enable the creation of 3D monolithic metal components. At the root of 
this research, the RM technology may be sufficiently developed to produce adaptive 
metal-matrix structures. If true, then RM systems may offer opportunities, beyond 
existing non-adaptive MMC fabrication techniques, to exploit; 
1. Reduced fibre damage, as high pressures are not used in most 'direct' metal RP 
processes. 
2. Elimination of tooling by using, single-step, solid freeform processes. 
3. Reductions in production lead times and costs based on no tooling requirement 
and the final cost being independent of the tooling cost. This may also enable 
smaller quantities and customised products to be produced. 
4. Minimisation of energy input and environmental hazards due to elimination of 
liquid metals, high temperature processes, metallo-organic vapours, etc. 
Among emerging RM processes, Ultrasonic Consolidation (UC) will be shown to be a 
promising technology which could be developed to deliver embedded fibre metal 
composites. UC is a hybrid, solid-state, fabrication process which combines 
ultrasonic seam welding (USW) and CNC milling technologies to layered 
manufacture solid freeform components (White, 2003). This process is proprietary 
and was developed by Solidica, Inc. and was initially intended as a 'direct' metal 
component and tooling solution capable of overcoming some of the issues associated 
with laser fusion freeform techniques (White, 2003). 
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Of key importance to this research, and the reason why exploratory research was 
begun with the UC process, were the reported fast bonding times, multiple material 
combinations and low process temperatures (at typically 25-50% of the melting 
temperature of the base metal), used in the process (White, 2001). It should be noted 
that, at the outset of this research, the process itself was in its infancy and much of the 
development work, used to establish whether the process could be used for the 
fabrication of metal matrix composites, was subsequently perfomed in close 
collaboration with Solidica, Inc. 
1.1.4 Proof of Concept 
As proof of concept, both the author and Solidica, Inc. performed trials with a range 
of robust fibre and particulate combinations with the intent that, if successful, there 
would at least be a method for rapid MMC fabrication. As part of this work, Solidica 
Inc. embedded boron fibres (100 p.m diameter) and conducted trials to incorporate 
particulates in the spaces between the fibres. At Loughborough University, the author 
embedded stainless steel meshes (fibre diameter of 18 p.m and mesh size of 45 p.m) 
and nickel fibres (100 p.m diameter). Trials on stainless steel meshes were conducted 
in two runs, the first run embedded the mesh directly within aluminium foils, and the 
second run incorporated steel powders within the mesh, prior to consolidation. 
Preliminary results were promising, which confirmed that composite specimens can 
be produced using UC alone. Figure 1.2 shows the cross-section of quartz fibre 
specimen prepared by Solidica, Inc. Although in many specimens the foils were not 
completely bonded, in the immediate region of the fibre, sufficient plastic flow 
occurred in the aluminium matrix around the embedded mesh and metallurgical bonds 
were generated between the two matrices. Figure 1.3 shows the cross-section of a 
stainless steel mesh specimen consolidated at Loughborough University. When 
particulates, or steel powders, were included within the work-piece, the powders 
tended to disperse, under ultrasonic vibration, and move away from the bond area, 
resulting in little steel powder being bonded within the specimen after consolidation. 
This initial work demonstrated that there was an oppurtunity to make this the focus 
for subsequent research and it was decided that the research should strive to 
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investigate the fundemantal aspects of the process to exploit the technology, beyond 
high performance materials, and go one step further, to embed active/passive fibres 
within metals. 
100pm 
-
Figure 1.2 Cross-section of ultrasonically welded aluminium foils showing 
entrainment of continuous quartz fibre reinforcement (courtesy Solidica) 
Figure 1.3 Cross-section of alternating layers of stainless steel mesh and 
aluminium foil. The image shows the fibres in both longitudinal and transverse 
direction. 
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1.2 Scope of this Research 
1.2.1 Aims and Objectives 
The aim of this research was to explore the direct fabrication of metal-matrix 
composites with embedded functional (active or passive) fibres using the ultrasonic 
consolidation (VC) technique. The specific technical objectives of the project were: 
I. To characterise the VC process for high performance candidate materials for 
adaptive composite applications. 
2. To determine optimum processing parameters for candidate materials, based on 
the application and direction of the adaptive composite technology. 
3. To investigate the feasibility of producing embedded fibre metal specimens using 
UC. 
4. To identify suitable active/passive fibres and matrix materials for .the research. 
5. To investigate the mechanisms and failure modes of embedding active/passive 
fibres into matrix materials. 
6. To conduct microstructural analysis, mechanical and functional testing, on 
prepared functional specimens, to demonstrate active/passive characteristics. 
1.2.2 Method of Approach 
The research was divided into three stages, as shown in the Figure 1.4. The first stage 
concentrated on understanding and identifying the 'state-of-the-art' of adaptive 
composites, rapid manufacturing technologies and ultrasonic welding and related 
phenomena. The second stage focussed on characterisation of the UC apparatus, 
supplied by Solidica, Inc., and process characterisation using age-hardened 3003 and 
annealed 6061 aluminium alloys. A series of mechanical tests and microstructural 
analytical techniques were used and developed to identify bonding quality of 
specimens produced by a combination of process parameters. A general process 
window was identified to determine the threshold above which full bonding could be 
produced. The third stage represented the core of the research, which investigated the 
method and mechanisms for embedding a range of select fibres within aluminium 
alloy foils. This involved initial trials, using Sigma silicon carbide fibres, and an 
exploitation of a mechanism of ultrasonic oscillation, known as the volume effect. 
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Functional testing was then conducted on the resultant adaptive composite structures, 
prepared using active/passive fibres. 
Chapter I: Introduction 
-----------
----------
Chapter 2: Literature Search -r-
Adaptive Structure Rapid Ultrasonic Welding Manufacturing 
----------~----------
Stage 1 
-1--
Stage 2 Chapter 3: Initial Research with Monolithic Foils 
----------i----------
Chapter 4: Initial Trials to Embedding Fibres 
+ 
Stage 3 
Chapter 5: Experimental Methodology 
~ 
Chapter 6: Results 
+ 
Chapter 7: Discussion 
----------1----------
Chapter 8: Conclusions and Further Research 
Figure 1.4 Method of approach and structure of the thesis 
1.2.3 Organisation of Thesis 
A comprehensive literature search, to gain background knowledge, is presented in 
Chapter 2. This is followed by the characterisation of the UC process, using 
aluminium foils, as described in Chapter 3. A general process window was derived, 
which formed the starting point for Chapter 4 which investigated the embedding of 
silicon carbide fibres within aluminium matrices. Based on the success in applying 
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UC to the production of metal-matrix composite structures, Chapter 5 describes an 
experimental methodology for embedding both active and passive. fibres within a 
candidate metal matrix foil. Embedded active and passive specimens were then 
produced and are described in Chapter 6 from which a comprehensive test regime was 
applied, which are also described in this chapter. Chapter 7 covers the discussion of 
the experimental analysis from which conclusions and further research are drawn and 
detailed in Chapter 8. 
- 9-
Chapter 2 
Adaptive Composites and their 
Fabrication Techniques 
2.1 Background to Adaptive Composites 
Adaptive composites are a new class of composite material, also known as 'smart' 
structures, intelligent materials or adaptronic structures. Adaptive composites can be 
grouped into three main categories based on the matrix materials, i.e. ceramics, metals 
and polymers. For the purpose of this research the background knowledge focussed 
on adaptive metal-matrix composites, therefore the discussion of research relating to 
ceramic and polymer based adaptive composites will not be included. 
By definition, an adaptive composite should enable a structure to exhibit 'smart' 
perfomance, i.e. it can sense, process and diagnose any change in selected variables 
and then command an appropriate action to meet the designed requirements, in a 
controlled manner (Chiu, 2000; Chung, 2002; Galea, 2001). SpilIman et al (1996) 
define an adaptive structure as "a body that is designed for a specific functional 
purpose and, in fulfilling this purpose, it operates at the highest level of performance 
to its conventional counterpart". 
Unlike conventional composite structures, adaptive composites comprise one or more 
classes of functional fibre, or element, within a single matrix (Birman, 1997a) which 
combines the superior mechanical properties, of the matrix 
functionality of the embedded functional fibres/elements. 
materials, and the 
Among the many 
functional fibres/elements employed in adaptive composite applications, the three 
most common embedded functional fibres are optical fibre sensors, shape memory 
alloys and piezoelectric materials, and these are reviewed. 
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2.2 Functional Fibres used in Adaptive 
Composites 
2.2.1 Optical Fibre Sensors 
An optical fibre consists of a fibre core, or waveguide, a cladding and an external 
protective coating. The light waves, trasmitted through an optical fibre, are based on 
the total internal reflection principle, as shown in Figure 2.1. When light travels 
along the fibre core, it reflects at the core boundary and traverses forward, due to a 
difference in refractive index (controlled by their density and impurity), between the 
fibre core and its cladding. 
Claddin 
Co 
9, Core 
Figure 2.1 Principle of how an optical fibre transmits a light wave 
There are two classes of optical fibre for signal transmitting applications, which are 
multimode fibres and single-mode fibres. Multimode fibres refer to fibres which have 
a large core, typically between 60 and 100 Jlm diameter, and carry numerous modes 
or light waves simultaneously. Single-mode fibres, with much smaller core diameters 
(-3 Jlm), allow information to travel over a longer distance and exhibit little or no 
dispersion in the light signal. In comparison with multimode fibres, single-mode 
fibres possess lower energy attenuation, when a signal is transmitted through its 
length, and allow more information to be transmitted per unit time. However, the 
disadvantage of a single-mode fibre arises from its smaller core diameter, which 
makes coupling light from the source into the core more difficult and thus requires 
higher precision and more expensive tools, for fibre splicing and connection. 
The basic principle, governing the operation of multimode and single-mode optical 
fibres, are similar and are based on total internal reflection (Srinivasan, 2001), as 
shown in Figure 2.1. Two commonly used optical fibre sensors, produced using 
either multimode or single-mode fibres, are the extrinsic Fabry-Perot Interferometer 
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(EFPI) (Kang, 2000; Park, 2000; Leng, 2003) and the Fibre Bragg Grating sensor 
(FBG) (Doyle, 1998; Rahman, 2000; Kuang, 2001; Read, 2001; Leng, 2003). The 
operation of each of these sensors are summarised; 
1. For EFPI sensors: The sensor region is the gap between two parallel, highly 
reflective, fibre core cross-section surfaces, as shown in Figure 2.2. Both the 
single mode and multimode fibre can be used in the preparation of EFPI sensors. 
When a light signal enters the fibre core, it exhibits total internal reflection, until it 
reaches the sensor, where multi-reflection Fabry-Perot interference takes place 
within the gap. If extemalloading or thennal strain is applied to the sensor, then a 
change in the gap size will produce light waves, at different wavelengths, which 
are reflected back to the source, or a signal detection device, to give strain or 
temperature measurements. 
Figure 2.2 
Multlreflectloll .. Capillary 
Adhesive Fusion point Reflection. fibre 
Schematic illustration of extrinsic Fabry-Perot interferometric sensor 
(Leng, 2003) 
2. For FBG sensors: Unlike an EFPI sensor, an FBG sensor detects changes in strain 
or temperature levels using a series ofBragg gratings (Grattan, 2000; Leng, 2003), 
which are fonned by exposing the core to intense ultraviolet light (Melin, 1999). 
Figure 2.3 shows a schematic diagram of an FBG sensor. When an external load 
or thennal strain is applied to the grating area, it changes the periodic pitch 
(spacing between gratings), or the effective refractive index of the fibre core, 
resulting in reflective signals at different wavelengths. These signals travel back 
to the source, where the reflective signals are detected, to produce strain or 
temperature measurements (Lee, 2001). FBG sensors possess no mechanical 
splicing or coupling and enable wavelength multiplexing (a process of adding 
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many FBG sensors to one source), which are well-suited for embedding or surface 
mount applications. 
Perl.od plt~h , . Cladding 
Inputslgnal transmitted light 
Reflected signal 1......;.-'----r-"'-'--'---'---'<-----' 
Grating· . Fibre core 
Figure 2.3 Schematic illustration of fibre Bragg grating sensor (Leng, 2003) 
In comparison to conventional sensors, such as thermocouples and strain gauges, an 
optical fibre sensor significantly reduces the amount of front-end electronics required 
and are light weight and small enough to be embedded into existing structures without 
altering the normal function of the structure. In addition, signal transmission in an 
optical fibre will not be affected by a strong magnetic field or high radiation 
conditions (Grattan, 2000). Depending on design and application, an optical fibre 
sensor can measure temperatures in a range of -40 and 190 cC, or mechanical 
loads/strains in a range of Ixl0·6 to 3 xl0-6 (Ecre, 2001). 
Embedding optical fibres, within metals, is challenging because metals, such as 
aluminium alloy, stainless steel, titanium alloy etc, tend to have high melting 
temperatures, which may damage silica-based fibres during material processing. The 
embedding of optical fibres, or optical sensors, in various metal matrices has been 
investigated. However, only a few papers demonstrate techniques for embedding in 
metal (Baldini, 1990, Lee, 1991; Li, 2001; Li, 2003). Baldini et at (1990) used gold 
coating on single mode optical fibres before placing the fibres into a titanium matrix 
composite produced by arc spraying. Lee et at (1991) embedded EFPI sensor into an 
aluminium matrix by casting the fibres within a graphite mould. Li et at (2001) 
sputtered titanium (to 1 /Lm thick) and nickel (to 2 /Lm thick) onto optical fibres and 
then electroplated secondary nickel layers up to 1 mm thick to reduce fibre breakage. 
The treated optical fibres were embedded into other metallic structures using high-
temperature processing, such as casting, welding and arc spraying. Finally, Li et at 
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(2003) used a laser cladding technique to deposit layers of stainless steel onto pre-
treated optical fibres. 
All these embedding processes were complex procedures and required intensive fibre 
preparation, to protect the optical' fibres during processing, by using metal coatings 
prior to a high-temperature deposition or casting process. 
2.2.2 Shape Memory Alloys 
Shape Memory Alloys (SMA's) are materials which undergo a phase transformation 
(Otsuka, 1998). SMA's are produced by combining certain metals together, such as 
Nickel (Ni), Aluminium (AI), Copper (Cu) and Titanium (Ti). The most popular 
SMA's are Ni-based alloys, which contain Ni (by weight) in a range from 32.5% to 
99.5% (Cardarelli, 2000). Typical examples of Ni-based SMA's are Nickel-Titanium 
intermetallic materials (NiTi) discovered by the Naval Ordnance Lab in the early 
1960's. Table 2.1 show some commonly used SMA's and their mechanical, physical 
and thermal properties. 
Alto:!: Combinations Ni-Ti Cu-Zn-AI Cn-Al-NI Fe-Ni-Co-Ti 
Range of transformation 
°C -100 to 70 -200 to 100 -150 to 200 -150 to 550 temperature (Mf - At) 
Max one-way effect % 8 4 6 1 
Max two-way effect % 4 0.8 1 0.5 
Fatigue strength MPa 800-1000 400-700 700-800 600-900 
Max allowable stress MPa 150 50 100 250 
Young Modnlus GPa 50 70-100 10-14 
Density Kglm3 6450 7900 7150 8000 
Typ. number of cycles >100000 10000 5000 50 
Corrosion Resistance Very good Fair Good Bad 
Note: Mf = martensite fInish transformation temperature 
Af = anstenite fInish transformation temperature 
Table 2.1 Comparison of common SMA systems 
SMA's are said to have 'memory' because the material can revert back to its original 
size and shape, after deformation or elongation, at a characteristic transition 
temperature. This is because of the very distinct crystal structures or phases, which 
exist within the material. They are; 
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1. Martensite, exists at lower temperatures (typically at room temperature). The 
atoms are loosely packed and easy to deform or elongate. 
2. Austenite, exists at higher temperatures. The bonds between the atoms is strong 
and align closely to each other, resulting in a material with low ductility. 
The presence of such phases depends on the temperature and the amount of stress 
applied to the material. The presence of the phases and their transformation is 
determined by two unique properties referred to as the 'shape memory effect' and 
'pseudoelasticity' (Wei, 1997; Otsuka, 1999; Saadat, 2002). 
(i) Shape Memory Effect 
Shape memory effect is a phenomenon where SMA's undergo phase 
transformation from austenite to martensite (cooling) and the reverse cycle from 
martensite to austenite (heating) (Ortin, 1989; Saadat, 2002). Transformation 
does not occur at the same temperature and the difference in the transformation 
temperatures results in a delay in transformation known as transformation 
temperature hysteresis (Melton, 1994). Hysteresis is defmed as the macroscopic 
manifestation of energy dissipation in the system (Ortin 2002). Figure 2.4 shows 
the typical hysteresis curve resulting from a temperature difference during forward 
and reverse solid-solid phase transformation. 
<:: I "cv . 
~ Mfl , Cii As .. , 
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I 
. Temperature 
Figure 2.4 Typical hysteresis curve of shape memory alloys 
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Referring to Figure 2.4, the forward transformation, from an austenite to a 
martensite structure, is given by Ms (martensite start transformation temperature) 
and Mc (martensite finish transformation temperature), when cooling the SMA 
from a high temperature (also see Figure 2.5 from (a) to (b». Forward 
transformation is also known as martensitic transformation. Otsuka et al (1998) 
defined martensitic transformation as a diffusionless and reversible process, 
within a specific temperature interval, during which atoms move cooporatively 
and often bya shear-like mechanism. The transformation is associated with shape 
change and inducement ofIarge strain around the crystal structures. To reduce the 
strain, martensitic transformation often proceeds by introducing slip or twins (see 
Figure 2.5 (b». When stress is applied to the alloy, the crystal structure undergoes 
a self-accommodating pattern and reorientation, where large deformation is 
possible (see Figure 2.5 (c» (Yang 2000). Upon removal of the applied load, 
SMA's can recover the deformation by heating the alloy back to its parent 
(austenite) phase (see Figure 2.5 (c) to (a». This reverse transformation takes 
place in the temperature interval from As to Ac (austenite start and finish 
transformation temperatures respectively), as shown in Figure 2.4. 
- :-1 - ;-1 +~ ·H 
H-++++-.+- f-- - -
Figure 2.5 
• 
la, au."ntlf 
Typical shape memory alloy phase transformation process (Yang 
2000) 
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(ii) Pseudoelasticity 
SMA's exhibit pseudoelastic behaviour when the material is heated to a 
temperature above the austenitic finish temperature (Hodgson, 1999), i.e. the 
SMA contains a 100% austenite phase. At this temperature, it can sustain large 
amounts of inelastic deformation and recover that deformation. For example, 
Nickel-Titanium (NiTi) alloy can be reversibly stretched or compressed up to 18% 
of its original length (Otsuka, 1998). Because of this property, SMA's are an 
attractive candidate for passive control applications, i.e. performing smart 
performance without an additional input energy source. 
Figure 2.6 (a) and (b) show the typical stress-strain curves for SMA's demonstrating 
the shape memory effect and superelastic behaviour, at different temperatures, 
respectively. In Figure 2.6 (a), where the SMA is deformed, below the austenite start 
transformation temperature, the material exhibits a stress-strain relation similar to 
most non-ferrous alloys moving from A to B. The material will stay at its deformed 
state (at point C) until the material is heated above the austenite start temperature, 
where it will recover its initial state (C to A). When the SMA is heated above the 
austenite finish transformation temperature (see Figure 2.6 (b», applying stress to the 
material will redistribute its crystal structure and form a more stable martensite phase, 
resulting in plastic deformation. This plastic deformation is recoverable when the 
stress is removed and the martensite reverts to the austenite phase, leading to shape 
recovery. 
(a) . shape mem~etrect 
T<A, 
B 
A 
(b) 
.E 
PseudoelaSticity 
T>A 1 
Figure 2.6 Stress-strain relationship ofNiTi SMA (Brocca, 2002) 
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Due to the benefits of the unique properties disccussed, SMA's have been widely used 
for bio-medical, mechanical and electrical applications (Birman, 1997b; Loughlan, 
2002). These applications include embedded actuators in laminated composite panels 
(adaptive composites), electrical connectors and switches, thermal protective valves, 
surgical fixators (instruments or devices in minimal access surgery), and dental 
implants. However, applications of SMA's are limited by their low speed in response 
and long cycle rate. SMA's also undergo low energy efficiency where approximately 
5% of the input energy is used to generate actuation with the remainder being wasted 
as heat which is dissipated to the surroundings. 
When SMA's are used in composites, depending on the boundary conditions, volume 
fraction and distribution of SMA's .within the structure, significant changes in the 
composite stress level can be obtained. These changes can elastically deform the 
structure, modify the natural frequencies and provide strength to the structure. For 
example, when the composite is subjected to an external axial tension, a restrained 
recovery stress is produced in SMA's which contributes to the compression stress in 
the matrix, reduces tensile stress and increases the fracture toughness of the structure 
(Wei, 1997; Lee, 2004). 
Research related to embedding SMA's in metal-matrix composites, using 
conventional hot pressing techniques, have been reported (Armstrong, 1996; 
Armstrong, 1998; Porter, 2001; Lee, 2003). Porter et al (2001) blended NiTi powder 
with 1090 aluminium powder and hot pressed the mixture at 550°C to produce 
adaptive composites. Armstrong et al (1996,1998) embedded 20.5% volume fraction 
of NiTi fibres, within aluminium alloy 6082-T6, using a hot pressing process at 
temperatures up to 560°C. The resultant composite was then subjected to a T6 aging 
heat-treatment at 175°C for 8 hours. Lee et al (2003) used a similar process (hot 
pressing then T6 aging) to produce aluminium alloy 6061 embedded NiTi fibres with 
3.2%,5.2% and 7% volume fractions respectively. 
2.2.3 Piezoelectric Ceramic Materials 
Piezoelectric ceramic materials, or piezo-ceramics, such as quartz, barium titanate and 
lead-zirconium titanate (PZT), are materials which possess the ability to convert 
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electric energy into mechanical energy. Inversely, they produce electricity when an 
external pressure is applied. This feature is referred as the piezoelectric effect and is 
based on the elastic deformation and orientation of electric dipoles in the grain 
structure (Janocha, 1999). Examples of applications, based on the piezoelectric 
effect, include; 
• Quartz crystals - used for watch crystals and precise frequency reference crystals 
for radio transmitters. 
• Barium titanate, lead zirconate, and lead titanate - used in ultrasonic transducers, 
as well as microphones. 
In terms of manufacture, a piezoelectric ceramic will be typically sintered from 
crystalline powder, which contains many randomly orientated ionic grains and has no 
piezoelectric effect. Before it is used as an actuator or a sensor, the material needs to 
be polarized. Polarization is a process to align the dipoles, of the ionic grains, by 
applying an intense voltage and temperature regime, the so-called Curie temperature 
at around 300°C, to the material. A net polarization in the piezoelectric material is 
achieved when the material is cooled to ambient temperature, at which point the 
material will exhibit the piezoelectric effect. 
Piezoelectric ceramics, when used as an actuator, are normally constructed In 
cylindrical wafers, or ring shapes, then stacked together to increase strain or 
displacement. If an electrical oscillation is applied to the ceramic wafers, they will 
respond with mechanical vibrations which provide an ultrasonic source (J anocha, 
1999). The displacement, LlL, of a bulk ceramic material can be calculated from the 
following equation: 
IlL = S La = dE La 
where: 
S - mechanical strain (relative length change) [dimensionless] 
La - thickness of piezoelectric material in field direction [m] 
E - electrical field applied to change the dipole moments [Vim] 
d - piezoelectric deformation coefficient [pmIV] 
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Several advantages of piezoelectric actuation are listed as follows: 
1. A piezoelectric actuator can produce extremely fine positional changes down to 
the sub-nanometre range. The smallest increment/change in operating voltage is 
converted into smooth movements. 
2. Piezoelectric actuators can generate a force of several thousand Newtons in a very 
fast response time. Therefore, acceleration rates of more than 10,000 g can be 
obtained (J anocha, 1999). 
3. Piezoelectric actuators can respond quickly to an input signal. A piezoelectric 
actuator can reach its nominal displacement in approximately 113 of the period of 
the resonant (working) frequency. This property is necessary in applications such 
as switching of valves/shutters, generation of shockwaves, vibration cancellation 
systems, etc. 
4. In static conditions, the actuator consumes almost no energy and consequently 
produces virtually no heat. In dynamic applications, power consumption increases 
linearly, with the frequency and the actuator capacitance, which varies with 
respect to the applied voltage. 
5. Piezoelectric materials exhibit a long lifetime and normally operate for billions of 
cycles with consistent performance. 
An area where piezoelectric materials may provide dramatic advantages is in the 
development of adaptive composites. This includes the capability to sense thermal or 
mechanically induced distortions, through current generated from the material, to 
compensate, or actuate for changes, by applying electrical energy to the material 
(Wang, 2001). A piezoelectric based smart material will normally be composed of 
layers of piezoelectric material and metal or polymer sheets bonded together by 
polymeric adhesive, or piezoelectric materials embedded into a polymer matrix. A 
number of researchers have demonstrated the application of adaptive composites 
using piezo-ceramics. Diana et at (1997) and Chen et at (2002) demonstrated that an 
active mechanical vibration controller can take a signal from a piezoelectric sensor 
and deliver a controlled force, via a piezoelectric actuator, to give destructive 
interference. Experiments using piezoelectric actuators to resist mechanical strain, 
near locations of known high-strain concentration, have been found to extend the 
fatigue life of some mechanical components (J anocha, 1999). Studies by Ameduri et 
at (2001) showed that piezoelectrics, bonded to aluminium laminates, were capable of 
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modifying the geometry of an aerofoil skin element by generating mechanical 
oscillations to deflect the structure. 
True metal-based adaptive composites with embedded piezoelectric ceramics have not 
been explored. The reasons may be due to current fabrication techniques which use 
high processing temperatures, where the piezoelectric material loses its piezoelectric 
effect at temperatures above the Curie temperature, and re-orientation or distortion of 
the ionic grains occurs. 
2.3 Current Fabrication Techniques for Adaptive 
Metal-matrix Composites 
From the review of literature, fabrication techniques employed to produce adaptive 
metal-matrix composites are based upon manufacturing processes traditionally used to 
produce standard metal-matrix composites (MMC's). For example, hot pressing, 
casting, liquid metal infiltration and electroplating/spraying were used. Common 
fabrication techniques, which have been used or may be used in the fabrication of 
adaptive metal-matrix composites, are evaluated in Table 2.2 and are described in the 
following sections (Taya, 1989; Clyne, 1993; MessIer, 1993; Suresh, 1993; Evans, 
2003). 
Many researchers have employed MMC fabrication procedures for the production of 
adaptive composites which may be grouped into three categories (Evans, 2003); 
• Liquid metal processes, 
• Solid-state processes 
• Deposition processes. 
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Process Objects 
Infiltration casting Fibre 
Stir-casting Particulate 
Powder Metallurgyl Particulate 
sintering 
Diffusion bonding 
Vapour deposition 
(PVD/CVD) 
Spray deposition 
Fibre/particulate 
Fibre 
Fibre 
Advantage Disadvantage 
Fast production cycle. Net- Poor interfacial strength between 
shape fabrication. Liquid fibre and matrix due to chemical 
metal flow into the vicinity reaction. High processing 
between fibres resulted in low temperature (melting tempearture of 
porosity. matrix) will demage functional 
fibres. 
Fast production cycle, 
complex shapes are possible 
using standard metal working 
operations, such as forging. 
Limited to particulate only. High 
processing temperature. Require 
secondary deformation process to 
form into useful shape. Both high 
temperature and high pressure (in 
secondary process) will lead to 
premature failure in embedded 
elements. 
Flexible/net-shape fabrication, High temperature process. High 
high mechanical properties production cost. Only suitable for 
due to low particulate-matrix particulate reinforced composites. 
interaction. Similar effect in Stir-casting will 
resulted inembedded elements. 
High temperature and high pressure 
being used to consolidate composite 
Low cost, easy to fabricate 
continuous fibre-reinforced 
MMCs. Suitable for many 
reinforcement fibre types. So 
far, diffusion bonding is most 
common technique used to 
fabricate adaptive specimens. 
. may fail the functional fibres, in term 
of fibre integrity and functionality. 
This process is time consuming and 
need to process in vacuum chamber 
to avoid oxidation. 
Fine gain size. High 
production rate. When 
combined with diffusion 
bonding, it can produce 
MMC's with up to 70% fibre 
volume fraction. Well-
controlled deposition rate and 
volume. Currently used to coat 
optical fibre with metal 
protective coating. 
Low processing cost. Fine 
gain size, low fibre·matrix 
interaction. Continuous 
processing is possible. 
High temperatures are used to 
vapounse metal, where metal 
particles impact on fibre surface. 
This is most expensive process. 
Difficult to control the spray 
velocity. Normally the process yield 
high level of porosity due to the size 
of the metal droplets. Again, high 
temperature process may damage the 
embedded fibres. 
Table 2.2 Assessment of current fabrication techniques for adaptive structures 
2.3.1 Liquid Metal Processes 
The three most commonly used liquid metal processes are liquid metal infiltration, 
stir-casting and spray casting techniques. Liquid metal infiltration consists of 
preparing a porous preform, of fibres or particulates, then infiltrating its pores with 
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molten metal (Farina, 2000). Stir-casting and spray casting techniques consist of 
mixing .particulates into molten metal, prior to a casting process. These processes are 
rapid, with low material cost (the cast metal used is inexpensive), and are suitable for 
the production of parts with complex shapes. However, due to capillary force created 
at the interface during fabrication, liquid metal ''beads up" instead of ''wetting'' or 
bonding to the surface of most ceramic fibres/particulates (Garcia-Cordovilla, 1999). 
To overcome capillary force, either chemicals/alloying elements are added to the 
molten metal or a mechanical force, such as pneumatic pressure, is used to drive the 
metal into the open pores between fibres. The former is normally used in stir-casting 
. ; 
, 
or spray casting processes, where'as the latter is employed in infiltration process, 
which may damage the embedded fibre, where fragile functional fibres/elements are 
to be considered. 
Another drawback, of liquid metal processes, is the high interfacial reaction rates 
between the molten metal and' fibreslparticulates (Clyne, 1993). If the matrix and the 
fibres/particulates are thermodynamically prone to react, a third phase may grow at 
the interface along the fibre/particulate surface, which is weak and tends to absorb 
moisture (Evans, 2003). An example of this is molten aluminium, which tends to . 
react with carbon, in silicon carbide fibres, to form aluminium carbide, A14C3. For 
this reason, the liquid metal processes may not be suitable to process aerospace grade 
materials, such as aluminium alloy and titanium alloy, which are very reactive to 
fibres when melted. 
2.3.2 Solid-state processes 
Solid-state processes can be used to minimize chemical interactions, between the 
matrix and embedded fibres/particulates, due their low diffusivity. This approach is 
favourable for the production of titanium matrix composites, which are difficult to 
process, using liquid metal processes, because titanium is typically reactive to fibres 
and may degrade almost any fibre type. 
Within this category, various processes exist. The first is powder metallurgy, 
commonly used to embed particulates into metals. The process consists of cold 
pressing a mixture of metal powder and particulates, before consolidating the mixture 
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by sintering, hot pressing or hot isostatic pressing (HIPing) (Clyne, 1993). Powder 
metallurgy is relatively expensive, when compared to other solid"state and liquid 
metal processes, due to the high cost of the metal powders. However, the resultant 
composites (in billet form) are fine-grained, dense and homogeneous in 
microstructure. 
The second process is diffusion bonding, where a solid matrix (in the form of sheets 
or foil) and individual fibres (or objects) are alternatively stacked and consolidated 
using hot pressing. Fibre-reinforced titanium matrix composites are often produced in 
this way. The fibres are spaced to avoid mutual contact, which may damage the 
fibres, and to allow metal to flow around them during hot pressing. Hot pressing 
often uses high temperatures, of approximately 75-80% of the melting temperature of 
the matrix, high clamping pressures, at approximately 800 MPa, and long 
consolidation times, in the range of a few hours to days, to complete. In surumary, 
diffusion bonding is Iow cost, can be used to produce composites with controlled 
distributions of fibres, it reduces the tendency of fibre damage and produces, ideally, 
pore-free structures. However, when embedding functional fibre/elements, the high 
pressures, up to 1000 MPa, normally used in diffusion bonding may produce internal 
cracking or premature failure in the fibres during processing. 
2.3.3 Deposition Processes 
Deposition techniques, such as chemical vapour deposition (CVD), physical vapour 
deposition (PVD), spray deposition or electro-deposition (plating), are used to coat 
individual fibres with matrix material (Evan, 2003). Treated fibres are stacked and 
packed, by canning, and consolidated using processes, such as diffusion bonding, to 
produce an ideal distribution of fibres in a fully dense matrix. Deposition processes 
can produce composites with high fibre volume fractions of up to approximately 70% 
which minimises interfacial reaction during liquid metal processes. However, 
deposition processes are the most expensive among metal-matrix composite 
fabrication techniques. 
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2.3.4 Limitations ofMMC Fabrication Techniques used 
in the Production of Adaptive Composites 
Conventional fabrication techniques may not be suitable for embedding pressure 
and/or temperature sensitive functional fibres/objects in adaptive composites, due to 
the use of high-temperature and/or high-pressures in the process. For example, 
optical fibres need to be protected, in deposition techniques, before they can be 
embedded into metal structures using liquid metal processes (Li, 200 I; Li, 2003). A 
metallic coating normally provides a barrier to chemical reaction when the optical 
fibres are in contact with molten metal (Asanuma, 2000). Embedding methods are 
therefore complicated and expensive. On the other hand, silica-based optical fibres 
are brittle and fragile, which are likely to fail under the high processing pressures used 
in solid-state techniques, discussed in Section 2.1.2.2. Because of this reason, no 
research has been conducted, to date, to investigate the use of a solid-state process to 
embed optical fibres. 
Though, a number of researchers have demonstrated that metal embedded SMA fibre 
composites can be produced using conventional MMC fabrication techniques, the 
matrix materials are limited to lower melting temperature alloys, such as aluminium 
alloy. When high melting point alloys, such as titanium are considered, as the matrix 
material, techniques developed for MMC's are difficult to apply to embedding 
SMA's. The phase transformation characteristics of SMA's are difficult to preserve 
at high processing temperatures, because the material may lose its unique functional 
behaviour, i.e. shape memory effect and pseudo elasticity. Chemical reaction between 
the SMA and the matrix, which will result in a weak secondary phase at the reaction 
zone, is another problem to be considered when using conventional fabrication 
techniques. 
To gain the maximum benefit of adaptive composites, it is important to make the 
composites both easy to fabricate and at the lowest possible cost. Straight-forward 
fabrication techniques are required to ensure adaptive metal-matrix composites can be 
produced in any manufacturing shop floor or laboratory, without complicated 
procedures or the need for expensive or high maintenance machinery (e.g. deposition 
equipment, vacuum chamber/furnaces, etc). 
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2.4 Potential of RM for Adaptive Metal Composite 
Structures 
Rapid Manufacturing (RM) is bringing about significant changes to the method and 
means by which components can be designed and fabricated for the 'end user', using 
a single process. RM may offer novel solutions for a wide range of applications, 
including 'direct writing', which could be considered for the production of adaptive 
composite structures. The term 'direct writing' is defined, by the Direct Write 
Association (www.directwriting.org), as a range of technologies which allows the 
fabrication, possibly in reconfigurable short production runs, of two or three-
dimensional functional structures using processes that are compatible with being 
carried out directly onto potentially large complex shapes. In simple terms, it means 
functional objects can be included in the structure/system during the manufacturing 
stage. Without directly tying this research to direct writing, this section will review 
the state-of-the-art of RM processes which could be considered for the production of 
adaptive metal-matrix composite structures. 
The definition of RM is still not clear. For some, RM is a revolutionary 
manufacturing practice using Rapid Prototyping (RP) systems for the 'direct 
manufacture' of solid objects, either as parts of assemblies or as stand-alone products 
(Hopkinson, 2001). For others, RM is defined as "the use of an additive 
manufacturing process, to construct parts that are used directly as finished products or 
components". RP refers to a group of commercially available processes which are 
used to create three-dimensional (3D) objects from computer aided design (CAD) 
models, in a layer by layer manner. Some companies, such as Align Technology and 
Jordan Formula 1 racing, have successfully applied RP technologies to the full 
production of small volume finished parts (Wohlers, 2004). Align Technology uses 
stereolithography, from 3D Systems, to produce custom-fit, clear plastic dental 
aligners under a proprietary process. Jordon Formula 1 uses laser-sintering to 
produce panels, cooling ducts etc, for racecars. Investigation by Hopkinson et at 
(2001) demonstrated that it is economically feasible to use the existing commercial 
RP systems to manufacture certain parts in quantities up to 20,000 before 
conventional tool-making would be the cheapest solution to manufacture. 
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However, limitations in speed, materials and accuracy, of existing RP processes, 
create barriers to the success of true RM. The speed of current RP processes is a 
major issue, when compared to conventional manufacturing processes. For example, 
injection moulding can produce parts 10 to 1000 times faster in material throughput 
than RP processes (Hague, 2003). Current RP processes use a limited number of 
'specially prepared' engineering materials, and there is lack of complete 
understanding of their short term and long-tenn properties. Depending on the process 
accuracy and the layer thickness, the finished parts nonnaIly require finishing, such as 
polishing, grit blasting etc, to remove uneven surfaces. 
One eventual target of RM technologies is to allow objects of any shape to be 
produced quickly and inexpensively, based on user's choice of design and/or 
materials. For the manufacturer, RM means cutting costs, simplified product 
development and shortened time to launch new products. Advantages of the novel 
approach of using RM to directly fabricate end-use components are discussed below 
(Hague, 2003; Hopkinson, 2003; Wohlers, 2003; Wohlers, 2004). 
1. Geometric flexibility - A principal objective of RM, is the ability to manufacture 
parts of virtually any geometry without the need for tooling. The absence of 
tooling within the product development cycle means that many of the restrictions, 
such as draft angle, re-entrant shapes etc, which are essential in conventional 
manufacturing environments, are no longer valid. With RM, there will be few 
geometric restrictions and· designers will be able to explore design geometry 
previously considered impossible to manufacture in large number. 
2. Cutting costs - As no tooling is required, there will no longer be a need to produce 
many thousands of parts in order to amortise the cost of the (usually expensive) 
tool. Thus, the opportunity for cost-effective custom manufacturing becomes 
apparent. Some companies have already identified RM as having the ability to 
deliver true, just-in-time manufacturing through the reduction or elimination of 
tooling (Dickens, 2000). 
3. Customisation - Due to the rapid change in consumers' appetite and the need for 
continual improvements in the function of products, the life spans of new products 
become shorter. RM may offer a variety of products which can be manufactured 
in quantities, up to an economical threshold, to satisfy various tastes of 
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consumers. This is particularly true in the aerospace industry, which parts are 
nonnally produced in limited quantities. 
4. Time-saving - Growing global competition requires manufacturers to deliver 
more competitive products, in the shortest possible time. By removing the 
tooling, prototyping and machine assembling in the conventional manufacturing 
processes and replacing them with 'CAD-to-machine' RM processes, parts could 
be delivered in a few days, rather than weeks, after the CAD model is prepared. 
5. Confidentiality - With the elimination of a tooling stage, this may mean that 
companies can keep sensitive product data in-house, such as detailed technical 
designs, until the new product is launched. This reduces the risk incurred by 
releasing any part of product development to outside toolmakers. 
6. Functional structures - Existing processes, such as selective laser sintering (SLS) 
and Laser-engineered Net Shaping (LENS), have demonstrated the potential to 
mix and grade materials in combinations dependent on a component's function 
(Mercado, 1999). RM may have much greater control of the microstructure in 
materials and the use of graded materials. RM may also produce functional 
structures by direct writing functional components within the parts being built or 
produce functional textured surfaces for engineering applications (or simply for 
ergonomic reasons). 
7. Single material and optimised solutions - Environmental regulations on 
sustainability is putting pressure on manufacturers in many sectors to recycle their 
products at 'end of product life'. By optimising the design geometry of a multi-
component structure, the functions, properties and textures of each of the 
individual components can be reduced to a smaller number of materials, which 
can be recycled. 
When searching for candidate RM applications, which could be used in the 
fabrication of metal embedded fibre structures, then many of the existing RP and 
emerging RM processes could be considered. Existing processes almost exclusively 
bond one layer of material to another and offer the opportunity to lay in secondary 
materials, elements or structures between these layers, from which a composite 
structure could be derived. 
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To fulfil the aims of the current research, there were a number of requirements which 
had to be taken into account. These included, firstly, the temperature and pressure 
used in the process had to be relatively Iow to ensure no damage to the embedded 
fibres during and after processing. Secondly, as the major user of adaptive 
composites, in the next 5 to 10 years, will likely be the aerospace industry, 
(increasingly the automotive industry) the process had to be able to process high 
performance materials such as aluminium and titanium alloys. Finally, as stated in 
Section 2.1.2.4, a relatively simple and straightforward process, which could be 
readily accepted by manufacturers, was necessary. 
Table 2.3 therefore lists potential RP processes, currently used to build metal parts 
and the material used, or proposed, for each process (Chua, 1997; Chua, 2003; 
Kochan, 1999; Gorman, 2001; Wohlers, 2001, Wohler, 2003). The table highlights 
the suitability and adaptation in handling the production of metal embedded 
composite structures. These processes and their working principles will be discusssed 
in the subsections. 
~achinefprocess 
Selective Laser 
Sintering (SLS) 
from 3D Systems 
Electron Beam 
~elting (EB~) 
from Arcam AB 
~aterials 
Steel coated with 
thermoset binder and 
infiltrated with 
bronze after 
secondary furnace 
'bum out' procedure 
(properties equiv to 
7075 AI or P20 tool 
steel). Currently does 
not handle AI, Mg, Ti 
alloys 
Nickel alloy, pure 
and alloyed titanium 
(Ti6AI4V) alloy and 
HI3 tool steel 
powders 
Suitability and Adaptation for Embedding 
applications 
• Layer by layer - process could be stopped to lay in 
fibres. 
• Difficult to hold fibres in place during sintering, as 
fibres may conflict with the roller as each layer 
deposited. 
• Could be modified for embedding particulates. 
• High laser power will raise bed temperature above 
working temperature of embedded elements, ego 
phase transition for SMA's. 
• Process induces thermal distortion during 
processing 
• Secondary sintering will damage embedded 
elements. 
• Process must be carried out in a vacuum chamber, 
which wiIllimit access for loading and placing of 
fibres/elements 
• Require very high energy to generate electron 
beam and produce high temperature gradient in the 
final product. 
• Vacuum melt quality can yield high strength 
properties and eliminates impurities such as oxides 
and nitrides. 
• High sintering temperatures will affect 
functionality of embedded elements. 
Continue next page ... 
- 29-
EOSINTfrom 
EOSGmbH 
Laser-engineered 
Net Shaping 
(LENS) from 
Optomec 
3DP of metal 
powder by 
ProMetal 
CAM-LEM 
Ultrasonic 
Consolidation 
from Solidica 
Table 2.3 
DirecIMetal (mixture 0 Layer by layer - process could be stopped to lay in 
of bronze & nickel fibres. 
power) and 0 Could be modified for embedding particulates. 
DirectSteel (mixture 0 High temperature gradient in the final product. 
of steel and bronze) 0 Require high laser power - High sintering 
temperatures will affect functionality of embedded 
elements. 
0 No pressure applied to the structure/embedded 
elements - snitable for Eressure sensitive fibres. 
Commercially 0 Require very high laser power to melt injected 
available metal metal powder. 
powders including 0 Distortion in the part due to high residual thermal 
titanium alloys and stresses. 
Hl3 tool steel 0 Fully dense metal parts reqnire minimum post-
processing. 
0 Superior mechanical properties. 
0 No pressure applied to the structure/embedded 
elements - snitable for Eressure sensitive fibres. 
Steel powder 0 Cold inkjet printing replaced high temperature 
laser process 
0 Process could be stopped to lay in fibres. 
0 Reqnire high temperature post curing to infiltrate 
bronze to produce full density part. 
0 Reduce thermal ![!!dient as in laser Eroceses 
Paper, plastic and 0 Wide variety of materials are possible. 
metal sheets 0 Fast build time and easy access for loading fibres. 
0 Difficult to remove the excess material (support) 
in the process 
0 Post curing and diffusion bonding is needed in . 
metal lamination, i.e. both high temperature and 
high Eressure secondary Erocess. 
Comprehensive range 0 Applying high frequency oscillations to 
of metal foils - 'acoustically soften' the metal foil and produce 
aluminium foils as bonds layer by layer. 
primary material. 0 Little or no thermal energy applied to the structure 
0 Use low pressures, up to -40MPa. 
0 Easy access for loading fibres during process 
0 Limited to thin gauge of metal foil 
0 Overhanging features limited due to no supports 
(still under devel0Ement~. 
Suitability of commercial RM processes for fabrication of embedded 
metal structures 
2.4.1 Powder Metallurgy Processes 
Currently, there is a wide range of commercially available RP powder metallurgy 
machines and the majority of the equipment employs high power lasers to sinter the 
metal powders, layer by layer. The main drive in this area has been to produce a 
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range of equipment which can produce greater numbers of parts faster with improved 
material characteristics with lower capital investment (Chua, 2003). 
2.4.1.1 Selective Laser Sintering (SLS) 
3D Systems' Selective Laser Sintering (SLS) system is capable of producing stainless 
steel or tool steel like characteristics for complex metal tooling, parts and prototypes 
using their in-house LaserForm metal powder which is coated with nylon. During 
sintering, a powder layer is contained in a platform, which is heated to a temperature 
close to the softening point of the polymer coating. The CO2 laser beam then scans 
over the powder, melts and bonds the coating together to form a green part. After 
completing each layer the platform, which holds the object, moves down to allow a 
new layer of powder to be deposited which is sintered by the laser beam, as shown in 
Figure 2.7. The process requires no support structure, because the part is self-
supported by the un-bonded loose powder during the build and permits overhangs and 
undercuts. This is useful when embedding fibres/elements as these elements can be 
placed on top of the loose powder. However, it may be difficult to hold the fibres as 
they can be displaced when the levelling roller sweeps over. 
After completing the building process, the entire cake of powder (sintered and un-
sintered) is removed from the SLS machine and the loose powder is broken and blown 
off, leaving the sintered part. This green part is then heated in a furnace to remove the 
polymer binder and to produce necking between metal particles. This is then 
followed by infiltration of the porous part with molten bronze (Subramanian, 1995; 
Gibson, 1997). Both the laser melting and secondary processes use high temperatures 
and, in embedding applications, this may potentially damage the embedded functional 
fibres/elements. 
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Scanning M1rrors 
Figure 2.7 Schematic view of Selective Laser Sintering (taken from 3D Systems) 
24.1.2 Electron Beam Melting (EBM) 
Arcam's Electron Beam Melting (EBM) process uses an electron beam, instead of a 
laser, to melt metal powder. Similar to the SLS process, a computer controlled 
electron beam melts a layer of powder to the geometry indicated by the CAD model. 
A new layer of metal powder is added once the geometry of the previous layer is set. 
Because of the use of an electron beam, the parts have to be built up in a vacuum 
chamber. Where fibres are to be embedded during the process, the vacuum chamber 
limits access for loading and placing of fibres/elements. An autonomous fibre 
placement device could be developed, within the vacuum chamber, for this purpose. 
ill EBM, final machining of parts is normally required for a better surface finish and 
can be done with any conventional method, such as high-speed milling, turning, 
grinding, electrode discharge maching (EDM) etc. Compared to SLS, EBM generates 
very high temperatures, during the process, to melt metal powders such as Ti6A14V 
and tool steel to produce a significantly finer grain size. The use of high 
temperatures, however, make it unsuitable for fibre embedding applications. 
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2.4.1.3 Direct Metal Laser-Sintering (DMLS) 
EOS GmbH's EOSINT M System is a laser-sintering system for the direct production 
of metal parts, from 3D CAD data, using steel-based and bronze based liquid phase 
materials. The process is called Direct Metal Laser-Sintering (DMLS), in which a 
layer of metal powder is deposited onto a substrate, or previously deposited layer, and 
followed by selective CO2 laser sintering, according to the CAD model. When the 
sintering of a layer is completed, the platform which holds the part is lowered and a 
new layer of powder is blanket deposited (Chua, 2003). As the process melts the 
metal powder directly, post-processing, such as infiltration, is not required. 
Compared to 8LS, a higher laser power is required in DML8, and greater thermal 
distortion may result prior to any secondary processing. Fibres, if embedded within 
the sturcture, may be damaged from the high temperatures during the process, as well 
as distorted by any residual thermal stresses. 
2-4.1-4 Laser-engineered Net Shaping (LENS) 
Optomec's Laser-Engineered Net Shaping (LENS) process is the first commercial 
metal laser fusion technique, which uses a focussed Nd:YAG laser at 1000 Watts in 
the process. The temperature generated during the process and thermal distortion are 
relatively high and may not the suitable for embedding functional fibre applications. 
The fabrication process starts with the laser focusing onto the substrate to create a 
molten weld pool on the substrate surface. Metal powders are then injected into the 
pool to increase the material volume. The substrate (on the machine bed) moves in 
the x- and Y-planes and the laser scanning, and powder feeding, moves in the Z-
direction, as defined in the CAD file, to add successive layers (Zhong, 2004). LENS 
has been used to fabricate, enhance, and repair fully dense metal parts from powders 
of titanium Ti-6Al-4V alloy and other commercially available metals. The process 
has also been used in the fabrication of functional graded materials (FGM). 
2.4.1.5 3D Printing 
ProMetal's 3D inkjet printing uses an inkjet printer head to selectively add a liquid 
binder to steel powder as defined by the geometry of a CAD model (see Figure 2.8). 
Once the printing process is completed, excess powder is removed from the green part 
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and this is followed by furnace sintering and infiltration, in which the particles of the 
part are metallurgically bonded together and the voids between them filled during 
infiltration. Depending on the material used, aluminium equivalent, carbon steel 
equivalent and tool steel equivalent properties can be achieved. 
Inkjet printer 
head 
Powder bed ---::; 
Figure 2.8 ProMetal's 3D Inkjet Printing Machine 
3D Printing may provide solutions for embedding applications as the process uses a 
'cold' inkjet technology instead of high temperature laser treatment and, as in many 
additive manufacturing processes, it would not apply high pressure to embedded 
elements. However, the process requires high temperature post processing which may 
limit the use of the process for embedding functional fibres. 
2.4.2 Laminated Processes 
2.4.2.1 Computer Aided Manufacturing of Laminated 
Engineering Materials (CAM-LEM) 
Computer Aided Manufacturing of Laminated Engineering Materials (CAM-LEM) 
processes use the "form-then-bond" laminating principle where the contour of the 
cross section is first cut to the geometry, by a laser profile defined in the CAD data, 
before laminating it to the previous layers. As the process only cuts the outline of the 
geometry, rather than scanning the entire area as in powder metallurgy processes, the 
part can be built relatively quickly (Chua, 2003). During the process, individual slices 
of sheet stock engineering material are laser-cut as per the computed contours. Part-
slice regions are extracted from the sheet stock and stacked to assemble a physical 3D 
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realization of the original CAD description. The assembly operation includes a 
tacking procedure which fixes the position of each sheet relative to the pre-existing 
stack. After assembly, the laminated layers are hot pressed or diffusion bonded to 
densify the object into a monolithic structure. 
This is a promising process for the production of MMC's and possibly for adaptive 
metal composites. However, problems, such as high pressure and high temperature, 
arise when hot-pressing or diffusion bonding are used in the post-curing. 
2.4.2.2 Ultrasonic Consolidation (UC) 
Ultrasonic Consolidation (VC) is also a metal laminate process, developed by 
Solidica, Ine in the United States. VC combines ultrasonic welding (VSW) and CNC 
milling technologies to produce three-dimensional metal parts in a single process. 
The commercial UC technology is curently in its second iteration. The latest machine 
is shown in Figure 2.9, aI).d is known as the Form-ation 2436 which was launched in 
late 2004, after the first machine in April 2001. The main difference of the new 
machine is the use of a retrofitted CNC miller which reduces machine cost. Both 
machines use a standard ultrasonic welding system, with 3.3 kW input power, for 
large output ultrasonic power for metal welding. Accuracy of ±0.075 mm (0.003 
inch) is achieved, using CNC milling, within a work envelope of 600 x 900 x 250 
mm. 
In contrast to other RP machines, VC does not apply heat to the work-pieces during 
the process. The technology uses ultrasonic oscillation to produce friction and 
adhesion of surface asperities, at the weld interface, and applies relatively low 
pressures, below 50 MPa, to produce bonds. As a 'cold' and low pressure process, it 
would enable temperature sensitive and fragile functional fibres/elements to be 
embedded within the metal structure, without damage or distortion. 
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Figure 2.9 Fonn-ation 2436 ultrasonic consolidation machine 
204.3 Summary 
Adaptive composites may be produced using powder metallurgy technologies, either 
by selectively sinteringlmelting powder adjacent to the embedded fibres, or by direct 
writing tracks of secondary powder, which could exhibit smart perfonnance, to each 
layer of the build. The concern of using powder metallurgy processes, however, was 
the use of a high power laser sintering andlor the post-curing process, during which 
high temperatures may alter the materia! properties of both the matrix and any low 
melting point or temperature-sensitive functional fibres. In addition, there are issues 
such as temperature gradients and consequent thenna! stresses induced during the 
sintering process. 
In contrast, several advantages of ultrasonic consolidation demonstrated that the 
process could be used directly, or with some modifications, to embed functional 
elements in between the laminates. The advantages are summarized below (White, 
2002; White, 2003): 
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I. UC is a solid-state process which does not consume high power to bond the 
materials and no melting takes place in the process. There should be few 
problems when consolidating temperature sensitive fibres, such as shape memory 
alloys (Kong, 2004a). 
2. UC was initially developed for tooling applications. According to Solidica, 
manufacturers can reduce costs in the tooling phase of their product development 
cycle by up to a factor of four. For example, the manufacture of a 250 mm by 250 
mm by 75 mm prototype injection moulding tool can typically require multiple 
processes over a two- to four-week period and cost up to -£10,000. UC can build 
the same tool in four consecutive days at a cost of -£2,500. Relating the 
percentage saving to the fabrication of adaptive composites then significant 
savings should be possible when compared to existing fabrication methods .. 
3. The existing machine would provide clear access for a fibre lay-up system, which 
can be retrofitted to lay down fibres for each layer. By refering to Figure 2.10, a 
feeder spool is located on top of the welding system to continuously feed metal 
foil to the sonotrode and a cut-off mechanism. A fibre lay-up system could be 
retrofitted parallel to or inline with the feeder spool, to continuously feed fibres to 
the sonotrode. 
Metal foil 
spool 
1I 
CNCmilling 
tool 
Ultrasonic 
welding 
Figure 2.10 
, 
IJl!IlEb 
..... ;;.:!i;r 
1 
Form-ation beta ultrasonic consolidation machine 
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4. Fibres could be laid between the foils prior to consolidation, or they could be pre-
welded the foil-fibre-foil stack into composite strips, before being used in the 
fabrication oflarger structures. 
5. The VC machine is retrofitted with a CNC milling head, which could be used to 
trim the geometry of each layer of the structure, defined by the CAD model. If 
fibres were embedded, then milling would be one way to trim them to a required 
length. 
6. The process uses commercial engineering materials, including aerospace graded 
materials, such as magnesium, titanium and aluminium (Kong, 2003; Kong, 
2004b). Materials require no special handling or controlled atmospheres within 
the build chamber. 
7. Compared to the cost of laser fusion metal powders, the foil materials, used in 
VC, typically cost 70% less than metal powder equivalents. 
8. The process can deposit material faster than the SLS process, for a layer 25 mm 
by 25mm (based on standard foil width of 25 mm and welding speed of 33 mmls 
(80 in/min». UC also eliminates post-processing treatment, which could save 
product development time. 
9. VC can reduce or eliminate the use of electrical discharge machining (EDM) as 
the built parts from the VC equipment can be used directly without further 
fmishing (White, 2003). The combination of additive and subtractive 
manufacturing processes allows internal conformal cooling channels to be 
produced when building the part and creates deep slots and complex features, 
which are difficult to machine using conventional CNC or EDM processes. 
Based on these capabilities, work began in collaboration with Solidica, Inc. to 
investigate the feasibility of this approach. As the VC process was initially developed 
for welding monolithic structures, for rapid prototyping and rapid tooling 
applications, the fibre embedding work began, at a fundamental level, by 
understanding the welding process. Within VC, the welding principles are same as 
those conventional ultrasonic welding and therefore, further knowledge on ultrasonic 
welding, in particular seam welding, was necessary to understand how VC might 
work to produce bonds in metal foils and how objects could be embedded within a 
metal matrix during ultrasonic excitation. 
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2.5 Fundamentals of Ultrasonic Metal Welding 
The ultrasonic welding (USW) technology is based on the application of high 
frequency sound waves, in the fonn of mechanical vibrations, to merge two work-
pieces together, without using additional or filler materials (Jones, 1958). The 
welding tool, or sonotrode, is coupled to the part being welded which 
vibrates/oscillates in a longitudinal direction either nonna1 or parallel to the direction 
of vibration. At the same time, the sonotrode induces a compressive force, which 
holds the work-pieces steady. Simultaneous static compressive force and dynamic 
ultrasonic oscillations result in fusion, if welding plastics, or atomic diffusion, if 
welding metals. 
In plastic welding, ultrasonic oscillations are applied vertically to the work-piece, as 
shown in Figure 2.11 (a). The process is only suitable for thennop1astics. During 
welding, the temperature rises, in the weld zone, by the absorption of mechanical 
vibrations into the material and the friction between the surfaces of the work-pieces. 
The heat p1asticizes or melts the material and, with the compressive force exerted by 
the sonotrode, forges molecular bonds between both parts within a few seconds. The 
process is commonly used to rivet working parts, or to embed or staple metal parts 
into plastic. 
In metal welding, mechanical vibrations are introduced horizontally (see Figure 
2.11(b». Due to the maximum ultrasonic energy generated the thickness of the metal 
to be welded is limited to a few millimetres. Metal sheets or foils are placed between 
a fixed anvil (machine bed) and the sonotrode, which oscillates horizontally at a 
frequency of usually 20 to 40 kHz. The most common frequency of oscillation, in 
metal welding, is 20 kHz. This is the minimum frequency, above audible sound, and 
pennits a high output power. During welding operations, the applied compressive and 
oscillating shear forces, on the welding area, cause dynamic internal stresses, at the 
weld interface, which lead to e1asto-p1astic defonnation (ASM, 1993). Shearing and 
e1asto-p1astic defonnation machanisms initially break down surface oxides and 
contamination, on the surfaces of the metals being welded, which are then dispersed 
along the interface to produce bonds between clean metal interfaces (Flood, 1997). 
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Further oscillation results in increased welded areas leading to diffusion across the 
interface. 
(a) Plastic welding 
Transducer 
Booster 
Sonotrode 
Anvil 
Work-
pieces 
(b) Metal welding 
Booster 
Transducer 
Sonotrode 
Anvil 
Work-
pieces· 
Figure 2.11 Ultrasonic welding in plastics and metals 
Welds produced by ultrasonic welding have been measured at temperatures 
approximately 25-50% of the fusion temperature, of the metal being welded, with no 
visible melted structure resulting, under high magnification microscope (Joshi, 1971; 
Tsujino, 2000). In these trials, the temperature was measured by placing a 
thermocouple between the work-pieces and the measured temperature was an average 
temperature rise at the weld region. Experiments by Joshi (1971) showed that the low 
temperature, experienced by the work-piece, could limit the formation of brittle inter-
metallic particles at the weld interface and maintain homogenous properties across the 
work-piece (Joshi, 1971). USW of metals is also known to produce joints with good 
thermal and electrically conductive characteristics and hence USW is used in many 
semiconductor industries for wire joining applications (ASM, 1993). 
2.5.1 Basic Elements in USW 
The welding components, in a basic USW device, can be divided into the following 
elements and are schematically shown in Figure 2.12. These include: 
1. Power supply - ultrasonic frequency generator and amplitude controller. 
2. Transducer - converts electrical energy into mechanical vibrations. 
3. Booster - coupling element to amplify and transmit ultrasonic vibrations. 
4. Sonotrode - working tool which is in direct contact with the work piece. 
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5. Pneumatic actuator - exerts clamping force to hold work-pieces in place during 
welding (not shown in Figure 2.12). 
Power Supply 
~S!!,t:lt"i":". 
.-----.,.,..-
20 kHz 
Electrical Energy 
220 - 250 Vac 
j--,.....,....-$ 
VV\ 
50-60 Hz 
r-----------------------------
: Mechanical Energy 
T~ansducer Booster Sonotrode 
WM 
Figure 2.12 Schematic of basic element in UC test apparatus 
2.5.1.1 Power Supply 
The power supply takes an AC line voltage (240 or 110 volts) at 50-60 Hz, and 
generates a sinusoidal wave of electric pulses at high frequency, usually at 20 to 40 
kHz in metal welding systems. According to Kearns (1980), machines operating at 
high frequencies tend to generate low output power and those which operate at low 
frequencies produce high ultrasonic power. The power supply for metal welding is 
normally generated at a capacity of up to approximately 3.5 kW (ASM, 1993). The 
power supply also controls the amplitude or displacement of oscillation. Many 
current power supplies feature an automatic tuning adjustment to optimise welding 
efficiency, by compensating for any changes in the mechanical and/or electrical 
properties of the system, during welding. For example, the output frequency and 
amplitude tend to vary as the sonotrode temperature increases during long welding or 
high cycle rates. 
2.5.1.2 Transducer 
The transducer, or converter, converts the electric pulses at high frequency, from the 
power supply, into mechanical vibrations. In the past, ferromagnetic materials with 
magnetostrictive characteristics (periodically alternate magnetic fields and hence 
- 41 -
dimensions of the material) have been used for this purpose. Due to the poor energy 
efficiency, and poor response of the magnetostritive effect, many current transducers 
were fitted with piezoelectric materials which periodically change dimensions under 
the piezoelectric effect. With an efficiency of approximately 95%, piezo-ceramics are 
almost exclusively used in today's ultrasonic welding systems. When an alternating 
voltage (or sinusoidal electic pulses) is applied, to the piezo-ceramic, it will contract 
and expand at the frequency of the power supply. 
2.5.1.3 Booster 
When the vibrations generated from the transducer enter the booster, in the form of 
longitudinal waves, the amplitude will be magnified or reduced depending on the 
design or geometrical shape of the booster. If a booster has a larger 'inlet' (connected 
to the transducer) than outlet (connected to the sonotrode), the amplitude will be 
magnified. Reversing the shape (smaller inlet as compared to the outlet) will reduce 
the amplitude. The connection to the transducer and the sonotrode is normally 
assured through high-tensile threaded pins and by tightening to a defined torque. 
2.5.1.3 Sonotrode 
Sonotrodes used in metal welding are made of tool steel or titanium alloy. They 
possess high fatigue strength, and low thermal build-up within the structure, under 
repeated vibratory stresses. The sonotrode is designed to suit the requirements of a 
solid weld and the geometrical shape of the parts to be welded. In spot welding,. the 
sonotrode normally consists of three pieces, i.e. the welding tip, the fasterning bolt 
and the sonotrode itself. The welding tip comes in many shapes and sizes, as shown 
in Figure 2.13, to match the parts to be welded. On the other hand, the sonotrode 
used in seam welding is in one single piece, with the welding/working surfaces 
surrounding its circumference. In both applications, the working surfaces are usually 
rough or textured to prevent gross slippage between the sonotrode and the work piece. 
If no slip occurs, during welding, the sonotrode may increase the welding efficiency 
and reduce power losses (Daniels, 1965). 
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Figure 2.13 Examples ofsonotrode designs 
To ensure high efficiency welding, and a longer sonotrode life, the sonotrode is tuned 
to match the resonant frequency (working frequency) generated from the power 
supply. This is achieved by having the working surfaces of the sonotrode at the node 
(peak: point) of the sinusoidal wave of the mechanical oscillations, where maximum 
displacement/amplitude is delivered to the work-pieces. 
2.5.2 Process parameters 
As stated, in an USW system the frequency is normally fixed. There are, however, 
three basic control parameters, within the ultrasonic welding system, which are 
variable. These are amplitude of vibration, contact pressure and weld speed. Other 
variables, which may affect welding quality, are temperature of work-pieces, 
thickness of the work-pieces, material properties (in particular its hardness) and 
cleanliness of the surfaces to be welded. Optimum bonds, for each material type and 
thickness, are achieved through a combination of the three main process parameters 
(Flood, 1997). Once the process window is identified, an operator can readily 
produce parts without much training. These control parameters are; 
1. Amplitude of vibration, relates to the longitudinal oscillatory movement of the 
sonotrode, which forms the scrubbing action required to produce a weld. 
Amplitude is normally in the range of 5 to 20 JLm in most metal welding system 
and is much lower in plastic welding, as the process require less energy. 
2. Contact pressure, imparted by the pneumatic actuator fitted to the sonotrode, is 
used to hold the work-pieces together in intimate contact during welding. The 
pressure applied to the work-pieces, typically ranges from 10 to 50 MPa and 
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depends on the sonotrode design and material to be welded. Excessive force 
produces surface deformation, while, insufficient force results in work-piece 
slippage which may reduce welding efficiency, produce excessive heating and 
poor welds. 
3. Welding time (spot welding) or speed (seam welding) is used to control the 
duration of oscillation or ultrasonic energy transmission to the work-pieces. High 
amplitude and a short weld time will usually produce welds that are superior to 
those achieved at low amplitude and a long welding time (O'Brien, 1991). This 
will ensure large plastic deformation takes place to produce bonds, without 
unnecessary heat generation and/or strain hardening at the mating faces because of 
repeated friction. Excessive welding times may cause a poor surface appearance, 
internal heating and internal fatigue cracks. 
2.5.3 Mechanisms of Ultrasonic Metals Welding 
Metallographic examination of ultrasonic welds, in a wide variety of metals, has been 
conducted and shows that a number of different phenomena occur as a result of 
oscillatory energy introduced into the weld zone. Three important phenomena are 
(Eaves, 1975; Keams, 1980): 
1. Surface effect - process of interpenetration and surface oxide disruption. 
2. Volume effect - process of plastic flow, grain distortion and edge extrusion. 
3. Thermal effect - process of re-crystallization, precipitation, phase transformation 
and diffusion. 
The review of the mechanisms of ultrasonic metal welding is focussed on the surface 
effect and the volume effect. The thermal effect is a by-product of the combined 
effects of the surface and volume phenomena, which includes heat generated from 
surface friction and the plastic deformation processes. 
Many studies, relating to ultrasoninc welding, have discussed the surface effect when 
bonding metals, but only a few have tried to explain how the volume effect produces 
plastic deformation and these tend to relate to the region near the weld interface. 
Though both effects are found in the literature, it is the surface effect which describes 
much of the bonding mechanism between two metal foils and shows how scrubbing, 
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dispersion, contact point growth and diffusion ultimately lead to a bond. The volume 
effect, or bulk movement of material throughout the weld region, has not been widely 
considered or used to describe USW bonds in practice. 
2.5.3.1 Surface Effect 
Before discussing friction and bonding mechanisms, associated with ultrasonic 
welding, it must first be understood how a surface film, in particular the oxide layer, 
influences the weld formation. The behaviour of an oxide layer depends upon several 
factors which include the properties of the oxide, the base metal and the temperature 
achieved at the interface. For example, when welding aluminium alloys, the oxide 
present on the surface is aluminium oxide (Ah03). Ah03 does not directly affect 
weld quality, during welding, because of its brittle nature, compared to the matrix, 
and tends to break up under the dynamic stresses caused during welding. As welding 
proceeds, the oxide layer is 'scrubbed' against that of its neighbour, which effectively 
shatters and disperses it along the vicinity of the interface. The effect is enhanced by 
plastic flow, set up within the base metal, near the surface which is assisted through 
surface buckling (Weare, 1960). The friction and bonding mechanisms, during 
ultrasonic welding, are shown in Figure 2.14. 
Friction and bonding mechanisms, which take place during ultrasonic welding, may 
be explained by friction theory. Hulst et of (1972) explained the bonding mechanism 
during ultrasonic welding as the 'stick-slip phenomena'. A similar explanation was 
used by Bowden (1957). During the stick phase, contacts between surface asperities, 
from opposite surfaces of the work-pieces, produce mechanical interlocking or 
chemical bonding, which may lead to the formation of contact points and diffusion of 
atoms across the weld interface. During the slip phase, which precedes the stick 
phase, there is a breakdown of some of the contact points resulting in a rapid sliding 
motion, if the sliding force is greater than the material yield stress. As osciIIation 
continues, the stick and slip phases occur simultaneously, at many points of the weld 
region, leading to a rapid coIlapse of oxide film and an increase in both the number 
and cross-sectional area of the contact points. The continuous formation and 
breakdown of contact points also produces strain hardening, at individual contact 
points, which increase the strength of the contact points and help resist further slip. 
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Base meta 
~ 
Surface 
Figure 2.14 Dispersion of oxide before and after welding (Flood, 1997) 
2.5.3.2 Volume Effect 
In ultrasonic metal working, the plastic flow/deformation mechanism is explained by 
acoustic softening or volume effect (Dawson, 1970a; Dawson, 1970b; Eaves, 1975; 
Severdenko, 1972; Winsper, 1968). For the research, presented in this thesis, volume 
effect is a more appropriate term to decribe the plastic flow mechanism which is a 
combination effect of ultrasonic oscillation (acoustic softening) and contact pressure 
( compressive forces). 
Though mentioned in literature, there is a scarcity of information or research to 
describe the volume effect or how bulk movement occurs, within the matrix material, 
to affect weld formation and quality. This is most likely because most existing USW 
processes can be described by the surface effect. However, for this research it was 
important to show how the volume effect may relate to plastic flow of a matrix 
material around an embedded fibre or object. 
The volume effect occurs when ultrasonic energy, absorbed into the dislocations of 
the material, increases the mobility of dislocations within the crystal lattice (Dawson, 
1970b; Langenecker, 1966; Hansson, 1978; Severdenko, 1972). Generally, during 
plastic deformation, obstacles, such as grain boundaries or secondary phases, will 
block dislocation movement. As a result, high static yield stresses are produced 
within the structure and increase the strength and stiffhess of the material. When 
additional energy (i.e. additional forces generated through thermal energy or, in this 
case, ultrasonic energy) is available to move the dislocations, then dislocation-
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obstacle interaction forces are relatively low, resulting in the metal being deformed at 
relatively low stresses (Bremnes, 2000) .. This phenomenon of ultrasonic excitation, 
was reported by Langenecker (1966) as an 'acoustic softening' effect. The effect was 
observed in the stress-strain curve obtained from experiments which superimposed 
ultrasonic waves onto a static tensile test, as shown in Figure 2.15. The left set of the 
curves show the effect of ultrasonic excitation at 20 kHz for the indicated energy 
inputs. The right set of curves shows comparable stress-strain behaviour resulting 
from thermal energy alone. The outcome of the research demonstrated that 
consolidation could be achieved at much lower temperatures and/or pressures than 
conventional techniques such as, for example, diffusion bonding. 
Aluminium Aluminium 
6 No ultrasound. 18'C 6 No ultrasound. 18' C 
~ 5 .. 5 18 W/crr'@ lS'C .E No ultrasound. 200'C z z 
;§. 4 ;§. 4 
., ., 
., ., 
1: 3 ~ 3 (J) 
2 35 W/cm' @ lS'C 2 No ultrasound. 400'C 
1 50 W/cm' @ lS'C No ultrasound. 500'C 
20 50 100 20 60 10C 
Elongation (%: Elongation (%: 
Figure 2.15 Comparison of equivalent energy requirements for ultrasonic verses 
thermal energy (Langemecker, 1966) 
2.5.4 Materials for Ultrasonic Welding 
The ultrasonic welding process can be used for a wide variety of commercial 
engineering materials (Jones, 1956; Daniels, 1965). A comprehensive survey of 
materials that can be welded by USW was reported in the late 1960's and is given in 
Figure 2.16. The table also shows the pairs of dissimilar metals which can be welded 
together using USW. Since then, little research on USW have been conducted and the 
table shown in Figure 2.16, has never been updated. Blank spaces in the chart 
indicate the combinations that had not been attempted or had not been successfully 
welded. Aluminium alloy, for example, can be welded to most other metals as well as 
to semiconductor materials such as germanium and silicon. However, the harder the 
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material the more difficult the weld as the bulk properties, such as yield strength, 
grain size distribution, staking fault energy etc, will govern the extent of acoustic 
softening (Joshi, 1971). This technology is also able to weld brittle materials, such as 
glass, but requires the use of a metal insert between the brittle materials (Hulst, 1972). 
I • • 
ys • 
AI alloys 
Be alia 
Cu alloys 
• 
• 
• 
• • • • • 
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• • • • 
Ge • 
Au • • 
Fe alloys • • 
Mg alloys • 
Mo alloys • 
NI alloys 
• • • • • • • • • 
• 
• • • • • • • 
• 
• • • • • • • 
• • • • • • • 
• • 
• • • • • 
• • • • • • 
Pd • • • 
Pt alloys • • • • • 
Si • • 
Ag alloys • • 
Ta alloys • • • 
Sn • 
TI alloys • • 
Walloys • 
Zralloys 
• 
• 
• 
• 
• 
• 
• -
Figure 2.16 Material combinations suitable for ultrasonic welding (O'Brien, 1991) 
Material thicknesses, which can be satisfactorily joined, are limited by the power-
handling capacity of currently available ultrasonic welding equipment, but these 
restrictions apply only to the thinner member of the work-pieces (the other member 
can be at any thickness). So far, the maximum thickness, which can be welded 
ultrasonically, is 6 mm thick pure aluminium sheet (Tsujino, 2002). 
The surface condition, such as the nature of oxide film, grease and other 
contaminants, will dictate the extent to which the contact points initiate and grow. As 
pointed out in the surface effect section, depending on the material being welded, the 
combined static and shearing forces may break down and disperse oxides and surface 
contaminants, to permit metal-to-metal contact. 
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Chapter 3 
Initial Research with Monolithic 
Structures 
3.1 Introduction 
This chapter will consider the characterisation of the Ultrasonic Consolidation (UC) 
process. The research findings, covered in this chapter, will provide a fundamental 
understanding of the process of UC in respect to fibre embedding and adaptive 
structure applications. 
As mentioned in Chapter 1, a UC alpha machine was supplied by Solidica, Inc., as 
part of this research collaboration. The alpha machine differed from the standard 
commercial machine because it contained only the ultrasonic welding system, which 
was mounted as a portable bench-top system. For this research, the CNC capability, 
present as part of the commercial tooling process, was not required as the focus was to 
establish the mechanism of bonding, under ultrasonic oscillation, and plastic flow 
within the matrix material. Technically, the alpha machine is a standard ultrasonic 
seam welding machine, containing the primary components required for performing 
the experimental work. The alpha machine was set up so that it was possible to study 
each of the process parameters in detail as well as provide access for the installation 
of additional apparatus or modules for the experimental work. 
Up to this point in the research, Solidica, Inc. had commercialised the UC process for 
3000 and 5000 grade aluminium alloy foils. For the research, covered in this thesis, a 
range of high performance and aerospace graded aluminium foils, such as 2024, 3003, 
6061, 7075 and titanium alloy, Ti-3AI-2.5V, were procured, as the research was 
attracting particular interest from the aerospace sector as a method for producing 
ultrasonically consolidated metal structures. 
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Experiments were then undertaken, firstly, to characterise the machine and validate 
the process parameters, and secondly, to determine the optimum combination of 
process parameters for the production of fully consolidated monolithic specimens. 
For the latter experiment, the research performed included mechanical tests and 
microstructural examination and each was evaluated by both theoretical and physical 
approaches. By comparing and plotting the data from the three process parameters, it 
was possible to define a general process window. A process window is described, 
here, as the 'collation' of all combined data for all process parameters, considered in 
this study, resulting in fully consolidated specimens. 
3.2 Characterising the Alpha Machine 
3.2.1 Components of the Alpha Machine 
The alpha machine operates at a constant 20 kHz frequency, as shown in Figure 3.1 
(a) and (b). The equipment consisted of the following components: 
1. A power supply, used to generate high frequency electric pulses, from a 240 V 
and 50-60 Hz main power source, to the transducer. 
2. An ultrasonic welder consisting of a sonotrode, a booster and a transducer, which 
were stacked and secured together. The welder was enclosed within a metal 
housing containing thrust bearings which facilitated the rotation of the welder, 
during operation. 
3. A pneumatic cylinder, used to generate a clamping force to the work-piece. 
4. A driver motor, used to control the rotational and traverse speed of the welder. 
5. Start/stop sensors, used to turn the driver motor and power supply on and off, 
based on a pre-defmed welding length. 
6. A support anvil, used to hold the work-pieces rigid during welding. 
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Figure 3.1 
Connecting shaft to 
apply contact pressure 
Images ofUC alpha machine (a) shows the front of the machine with 
motorised x-axis table, and (b) shows the piezoelectric transducer and pneumatic 
cylinder. 
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3.2.2 Machine Characterisation and Validation of 
Process Parameters 
There were three primary process parameters within the alpha system: amplitude of 
oscillation, contact pressure and weld speed. Other process parameters, such as 
frequency, anvil temperature (no external heating) and phase shift, were fixed. 
Successful welding was dependent on the proper set-up and understanding of the 
inter-dependence of the three primary variables. 
As a starting point, and so that the experimental outcomes could be correlated with 
Solidica's own analysis, age-hardened aluminium aHoy 3003 (or 3003-Hl8), at 25 
mm width and 100 /Lm thick, was selected to characterise and validate each of the 
machine process parameters. During aH stages of the validation work aluminium 
aHoy 3003 foil was used without any treatment or surface preparation. Aluminium 
aHoy 3003 is a commercial graded aHoy, used in domestic appliances and car trims, 
and is widely available. Table 3.1 lists the mechanical properties of this alloy. 
Composition, % Al-I.5Mn-0.6Si-0. 7F e-0.2Cu 
Tensile strength, MPa 205 
Yield strength, MPa 190 
Elongation at break, % 4 
Hardness, HB 50 
Table 3.1 Composition and mechanical properties of aluminium aHoy 3003 
In the foHowing sub-sections, each of the process parameters, and their respective 
working ranges, are reported. 
3.2.2.1 Amplitude 
During ultrasonic oscillation, the sonotrode reciprocates longitudinally along its axis 
and sweHs and contracts radially around its circumference. Both oscillations act to 
deliver a force to the work-piece with the longitudinal action creating the scrubbing 
required in the welding process. 
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A data logger and an Ometron VH300 Laser Doppler Vibrometer (LDV) were used to 
measure output amplitude, from the power supply and from the sonotrode, 
respectively. The data logger was connected directly to the J2 connector ofthe power 
supply and measured DC voltage output, at a sampling rate of 50 kHz, which 
corresponded to the output longitudinal displacement of the sonotrode. 
For LDV measurements, amplitude measurements were produced based on a 
"Michelson interferometer" in which a laser beam is divided into a reference beam 
and a signal beam. When the signal beam is directed onto the sonotrode, the reflected 
light is combined with the reference beam. When the sonotrode moves, the frequency 
of the signal beam is shifted, resulting in a change in the intensity of the combined 
beam due to interference between the reference and signal beams. 
Longitudinal amplitude measurements were obtained from the free end of the 
sonotrode, while radial amplitudes were measured along the length of the sonotrode, 
as shown in Figure 3.2. Measurement procedures are explained in the following 
sections. 
Longitudinal 
~ 
All dimensions 
inrnm 
Figure 3.2 Longitudinal and radial amplitude measurement points 
(i) Longitudinal measurements: 
The LDV device was placed at a standoff distance of 437 mm (or 232 + n(205) mm, 
where n is an integer (0, 1,2 etc.», away from the sonotrode's free end to achieve a 
minimum spot size on the test surface. The sensitivity of the Doppler signal was 
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selected at 125 mmJsN, to obtain optimum results based on the maximum velocity of 
the sonotrode. Two sets of measurements were recorded for each combination of 
amplitude settings, ranging from 0 to 100%, at 10% increments, and a combination of 
speed and pressure settings as shown below; 
1. Weld speed of 9 mmls and a pressure setting at 108 kPa (15 psi) 
2. Weld speed setting 18 nun/s and a pressure setting at 207 kPa (30 psi) 
(ii) Radial amplitude measurements: 
The radial amplitude at the four points of interest, as indicated in Figure 3.2, was 
measured along the sonotrode length. During welding, a contact pressure is applied, 
via a connecting shaft, at position C, as shown in Figure 3.1, and the weld zone is 
located at position B (shaded region). Position D indicates the free end, in Figure 3.2, 
while position A is attached to the booster. 
The results obtained from both data logger and LDV showed that the output 
amplitude did not alter with any changes made to the other control parameters and the 
frequency remained constant at 20 kHz. The amplitude readings, obtained from the 
LDV, were in volts and the data were converted into displacment/amplitude, using the 
a differential method. Table 3.2 shows the calculation for LDV readings at 7.5 V and 
its equivalence in terms of displacment. 
Displacement (amplitude) in sine waveform: x =Xsinwt 
Differentiate it to get the velocity: dxldt = wX cos wt (where w = 2nj) 
Where v = 7.5 V, velocity peak = 125 X 7.5 = 937.5 nun/s 
Therefore, X= 937.5/2nf= 7.46 p.m (where cos wt = 1 at velocity peak) 
Displacement, x = X sin wt = 7.46 p.m (at velocity peak) 
Table 3.2 Formulas to convert LDV readings into displacement 
Data logger and LDV amplitude readings, obtained from the free end of the 
sonotrode, are shown in Figure 3.3. The results showed that the output amplitude did 
not directly correspond to the dial increments on the power supply. However, the 
output amplitude increased linearly between 10% and 90% amplitude settings. The 
- 54-
LDV analysis showed that the output longitudinal amplitude ranged from 6.5 to 14.5 
Jlm and matched closely the output response from the data logger. The machine did 
not operate at its 100% output displacement amplitude when a 100% setting was used. 
This may be because the maximum displacement capacity of the piezoelectric 
ceramics, in the transducer, was reached. 
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Amplitude readings obtained from the 4 points along the sonotrode are shown in 
Table 3.3. Amplitude at position B, which is the weld area, produced very low radial 
amplitude readings, ranging from approximately 0.5 to 0.6 Jlm, demonstrating that the 
main contributor to weld performance was sonotrode displacement in the longitudinal 
direction. 
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Amplitude 
Maximum Radial Amplitude (ttm) 
A B C D 
0% 1.243 0.497 1.711 0.806 
10% 1.303 0.487 1.741 0.945 
20% 1.403 0.517 1.900 1.015 
30% 1.492 0.527 2.079 1.084 
40% 1.552 0.527 2.328 1.164 
50% 1.651 0.517 2.517 1.134 
60% 1.771 0.517 2.706 1.224 
70% 1.830 0.547 2.706 1.383 
80% 1.950 0.577 3.074 1.432 
90% 2.119 0.647 3.203 1.412 
100% 2.119 0.617 3.203 1.442 
Table 3.3 Radial amplitude measurements 
3.2.2.2 Contact Pressure 
During consolidation, a contact pressure was required to hold the work-pieces 
together, in intimate contact, between the sonotrode and anvil. Excessive pressure 
produces surface deformation, at the weld interface, and increases the required 
welding power, whilst insufficient force permits work-piece slippage which may 
cause surface damage, excessive heating and poor welds. The contact pressure is 
produced by the pneumatic cylinder and ranged from 0 to 690 kPa (0 - lOO psi), 
which is the equivalent to a clamping force, applied to the work-pieces, ranging from 
o to approximately 70 MPa using a sonotrode of 47 mm diameter (see Figure 3.4). 
Clamping forces were measured by placing a force sensor (load cell) between the 
sonotrode and the anvil. The area in which load was imparted to the force sensor was 
approximately 1.2 mm by 25 mm (foil width). As a general rule, clamping forces 
change with material hardness. Softer materials tend to deform more compared to 
harder materials, to produce a larger welded area. 
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piece (data taken from Solidica) 
To assess the effect that contact pressure has on the welded joint, and to identify how 
contact pressure affects the weld, aluminium alloy 3003 specimens were welded using 
a range of contact pressures with observations made for changes in weld formation. 
From the observations, increases in contact pressure resulted in an increased number 
of 'contact points'. A contact point is defined as a region, within the weld interface, 
which is fully bonded to the abutting material and the oxide film locally dispersed, to 
allow metallic bonds (atomic diffusion) to form. As ultrasonic oscillation continues, 
the contact points grow and coalesce into bonded regions. For 100 Jlm thick 3003 
foil, contact pressures equal or less than 103 kPa could not produce a weld. Similarly, 
welds could not be produced at contact pressures greater than 276 kPa, as excessive 
deformation in the weld zone would cause the foil to adhere to the sonotrode and/or 
anvil which damage the sonotrode/anvil finish. 
3.2.2.3 Weld Speed 
Figure 3.5 shows the relationship between the dial settings and the actual welding 
speeds. The weld speed was controlled by a DC motor, which rotates the sonotrode 
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and drives it forward (right to left) over the anvil, at speeds ranging from static to 77 
mmls. 
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Figure 3.5 Relationship between dial settings and welding speeds 
Where slow weld speeds were used then increased amounts of ultrasonic energy were 
delivered to the work-piece as the longer weld duration promotes elasto-plastic 
deformation at the weld interface. At speeds ofless than 27.8 mmls, aluminium alloy 
3003 weld samples failed and adhered to the sonotrode and/or anvil. Excessive 
welding time, due to slow weld speeds, caused excessive friction, and a temperature 
build up, at the contact surfaces of the work-pieces. Where speeds were greater than 
43.5 mmls, then poor or no bonds were produced, depending upon the amplitude and 
contact pressure settings. 
The weld quality of specimens produced, for a combination of process parameters, are 
shown in Figure 3.6. At slow weld speeds (27.8 mmls), premature failure was 
observed on the surface of welded specimens as visible cracking and tearing on the 
foils. At faster weld speeds, i.e. 34.5 and 38.8 mmls, specimens were produced at 
various amplitude and contact pressure settings. However, at fast weld speeds (38.8 
and 43.5 mmls) and low amplitudes (10% and 30%) then poor bonds (few contact 
points) were observed. 
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Figure 3.6 Weld fonnations in 3003 specimens for a combination of process 
parameters 
3.3 Material Characterisation of Monolithic 
Specimens 
3.3.1 Material Selection 
To characterise the UC process, age-hardened aluminium alloy 3003 (3003-HlS) and 
annealed aluminium alloy 6061 (6061-TO) were used to fonn a comparison between 
two different grades of aluminium alloy. The reason of selecting these two materials 
was partly due to their availability as thin foil (100 p,m), required for the UC process. 
Aluminium alloys 2024 and 7075 were supplied at 300 p,m thick, as they were 
difficult to roll down to 100 p,m. 
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Unlike aluminium aHoy 3003, aluminium alloy 6061 can be heat-treated to exhibit a 
range of mechanical properties, after welding, to meet the requirements of certain 
applications. Aluminium aHoy 6061 has good weldability and fonnability and has 
long been used in aerospace, structural, transport and construction applications. 
Aluminium alloy 6061 foil was supplied and certified by the United Aluminium 
Corporation in the United States of America and Table 3.4 lists its composition and 
mechanical properties in the annealed state. 
Table 3.4 
6061-TO 
Composition, % Al-l.0Mg-O.6Si-O.7Fe-O.3Cu-
O.2Cr-O. 15Mn-0.25Zn-0. 15Ti 
Tensile strength, MPa 115 
Yield strength, MPa 50 
Elongation at break, % 10 
Hardoess, HB 30 
.. ComposItion and mechanIcal propertIes of annealed aluminium alloy 
6061 
For the material characterisation experiments, 3003 and 6061 alloy grades were 
specified, in coil fonn, at 25 mm width and 100 p.m thick, which is the standard 
dimension for foils used in the UC equipment. Thicker foils could be used, for faster 
build up times, but this must be balanced by a possible reduction in bond efficiency, 
due to insufficient ultrasonic energy being delivered to the material to create 
metaHurgical bonds. 
As with the machine characterisation experiments, the 3003 foils were used without 
surface treatment. However, for the 6061 foils, both untreated and treated foils were 
used. 6061 foils have a distinctive oxide layer of, predominantly, magnesium oxide 
(MgO) interspersed with aluminium oxide (Al20 3) which is both powdery and friable, 
with a thinner A\z03layer beneath a thicker MgO layer (Male, 1964-65; Lea, 1984). 
There were concerns that the friable nature and energy absorbent characteristics of the 
MgO layer may affect bonding, as the UC process may struggle to disperse the MgO 
layer, which tends to shear readily, compared to the underlying A\z03 and bulk metal, 
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resulting in slip between the two mating foil surfaces. Those foils which were treated 
were surface cleaned with degreaser (petroleum distillate) and wiped with a soft 
cotton cloth to remove any oil, friable oxide and contaminant. 
3.3.2 Process Parameters 
To maintain consistency, across the range of tests, the number of specimens, for each 
combination of the three variables and the increments by which specimens were 
produced, were identical. Specimens were produced, using the combination of 
process parameters listed below, and tested, where applicable, in accordance with 
International and British Standards; 
1. A range of contact pressure settings, from 138 to 276 kPa (20-40 psi) at 35 kPa (5 
psi) increments, were selected, which was equivalent to a clamping force ranging 
from approximately 16 to 27 MPa. 
2. A range of amplitude settings, from 10% to 90% at 20% increments, were selected 
which reflected the capability of the UC machine and equated to sonotrode 
displacement of6.8, 804, lOA, 12.3 and 14.3 /Lm, respectively. 
3. Two weld speed settings of 20 (34.5 mmls) and 30 (43.5 mmls), were selected 
which represented a slow weld speed and fast weld speed, based on previous 
observations, reported in Section 3.2.1.3. 
3.3.3 Experimental Methodology 
Bond assessments at the weld interface were undertaken through microstructural 
examination and mechanical testing. Mechanical testing involved the determination 
of the interfacial strength using lap-shear and peel test techniques. Other common test 
methods, such as tensile test and bend test were not suitable, due to the limitation of 
the alpha machine to produce tall (multiple layer with high aspect ratio) specimens. 
3.3.3.1 Microstructural Analysis 
The microstructural study involved the analysis of the weld interface between two 
strips of welded foil. In order to quantify the effectiveness of welding, a measurement 
technique was used to calculate the area of contact points produced under ultrasonic 
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oscil1ation. For this analysis, the tenn 'linear weld density', or L WD, was used to 
represent the percentage of contact points showing diffusion (i.e. the real contact area) 
Ar as a proportion of the sample area of the weld interface studied (i.e. the apparent 
welded region) Ap and was expressed as: 
Linear weld density, a = Ar x 100% 
Ap 
Ar and Ap were measured by taking physical measurements from micrograph images 
of the weld cross-sections for a series of specimens produced for a range of process 
parameters. The higher the proportion of bonded to un-bonded area, across a 
specimen, the greater the L WD and vice versa. From each of the three welded 
specimens produced, for each combination of parameter settings, crosscsectional 
samples were cut from the beginning, centre and end portions of a 50 cm long 
specimen. These were mounted, polished and etched with Keller's solution, for 30-40 
seconds, before being examined under optical microscope at 200 times magnification. 
The sample preparation procedure is shown in Figure 3.7. Five images from each 
cross section, of each of the specimens, were taken along the interface. 
Sonotrode 
Weld direction 
Step 1: Welding two layers together 
image captured 
Face examined Weld direction 
Step 2: Cut.-off three specimens. Mounting, polishing 
and etching specimens 
2~e,( D 6 D 0 D( 
'stl,ye, )~.~==~ ____ ~ ____ ==== ____ ==~ ______ ~j 
Step 3: Analysing under optical microscope ·and taking 5 Images from 
spedmen 
Figure 3.7 Microstructural analysis specimen preparations 
3.3.3.2 Lap-shear Test 
No current lap-shear standard exists for foils of 100 /lm. However, where possible, 
BS EN 1465: 1995 was followed, even though it relates to thicker foils (1.6±0.1 mm). 
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Because of the shape of the lap-shear test specimen, the basic UC equipment was 
unable to produce thicker specimens using the layer-by-layer welding method. 
Specimens, used in the lap-shear test, were prepared by welding two overlapped foils. 
Other trials, using overlapped specimens adhered to a thick plate using epoxy, were 
unsuccessful because failure tended to occur within the adhesion layer rather than the 
metal-to-metal weld interface. In accordance with this standard, a strain rate of 2 
mmlmin'was used on 200 mm long specimens. The overlap distance was set at 5±1 
mm, which was the minimum weld length restriction on the alpha machine. Welded 
specimens were then attached to and loaded using a standard tensile test machine. 
3.3.3.3 Peel Test 
Peel test analysis was used to detennine weld quality, based on the average resistance 
to peeling, of the contact points within the weld interface. Generally, as the number 
and size of contact points increased, so did resistance to peeling. The peel test was 
perfonned in accordance with BS EN 2243-2:1991, which was designed for the 
detennination of the strength of structural adhesives, on clad metal sheets, based on 
the maximum load a specimen can withstand under peeling action. A peel test 
apparatus was constructed and attached to a standard tensile test machine (see Figure 
3.8). Specimens were prepared by first cladding a layer of aluminium foil to an 
annealed aluminium 1050 supporting plate (Step 1 in Figure 3.8). The supporting 
plate (28 mm wide x 150 mm long x 1.2 mm thick) was necessary to prevent the 
specimens from flexing when loaded in the rollers. A second layer of foil was then 
welded to the first (Step 2 in Figure 3.8). The free length, used to load the joint, was 
100±5 mm which was attached to the tensile test machine. Load was applied to the 
second foil, as shown in Figure 3.8 (Step 3), at a pulling speed of 50 mmlmin. All 
specimens were prepared and tested by the same procedure. 
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Figure 3.8 Peel test specimen preparation and peeling geometry 
3.3.4 Results and Discussion 
3.3.4.1 Microstructural Analysis Results 
The linear weld density (LWD) was an average of the measurements from nine 
sample images (three samples from each of the three welded specimens) for each 
combination of process parameters. The measurements, from the microscopic 
images, showed bonded regions accounting for percentages ranging from 100% of the 
image to as low as 0%. Similar conditions were observed in all specimens, including 
those with high contact pressure and high amplitude settings. On average, 100% 
L WD was never achieved, as the process cannot expel all oxides from the weld 
interface. In UC, the oxide layer was broken up, by the action of scrubbing induced 
by the UC process, and dissipated either into the underlying base metal or translocated 
along the interface. This indicated that, even though welds were produced, there 
would be regions where no atomic bond was present either through insufficient force 
being applied or through the presence of residual oxide at the weld interface. 
From the 3003 specimens measured, linear increment in the L WD was obtained and 
the maximum L WD was found to be 87% for welds produced at 207 kPa, a weld 
speed of 34. 5 rnrnIs and amplitude of 14.3 /lm. Better L WD results were not possible 
without inducing high levels of deformation and plastic flow in the welded foils 
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which results in material sticking to the sonotrode. Figure 3.9(a) and (b), show the 
LWD of specimens prepared at 34.5 and 43.5 mm/s weld speed, respectively. At slow 
weld speeds (34.5 mm/s), all specimens, regardless of the contact pressures, increased 
in L WD as amplitude increased. The exception was where specimens were prepared 
using 138 kPa contact pressure, where the L WD levelled off after 12.3 /Lm amplitude. 
At 43.5 mm/s, specimens produced at low contact pressures (138 kPa) resulted in 
poor bond quality. The remaining specimens, however, show very similar LWD's 
regardless of the contact pressures used. This may indicate that the optimum LWD, at 
a given amplitude, had been achieved. 
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Within the data, maximum deviation from the mean, for each set of VC specimens, 
was about ±12%. Deviations in the results are not shown in Figure 3.9 as they 
overlapped each other and may lead to confusion when reading the graph. Figure 
3.10 shows the deviation in the LWD data of specimens produced using contact 
pressure of241 kPa, weld speed of34.5 mmls and a range of amplitude. 
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Figure 3.10 Deviation in LWD data of3003 specimens 
For the 6061 specimens, produced without surface cleaning, all the specimens showed 
a layer of tenacious oxide along the weld interface, indicating little or no contact 
points had formed, resulting in Iow L WD figures being measured approaching 0%. In 
addition, in the unprepared specimens, the weld interface did not show signs of 
mechanical bonding or folding, but a barrier layer, possibly made up of a mixture of 
the oxide films and other surface contaminants from the opposite mating surfaces. 
which is shown in Figure 3.11. Energy disperse x-ray (EDX) !lnalysis verified that 
there were high levels of oxide present, in the interface, which formed a layer of -500 
nm thicImess containing twice as much oxygen as the base metal. 
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Figure 3.11 6061 specimen with untreated foils showing approximately 500 run 
thick oxide barrier layer along the weld interface of (SEM). Insert: cIoseup of the 
oxide barrier layer. 
Where the 6061 foils were surface cleaned, all specimens produced bonds with 
contact points being observed in many locations along the weld interface, as shown in 
Figure 3.12. A maximum LWD of 45% was recorded, which may be explained by 
residual magnesium oxide which made welding less successful. Figure 3.13(a) and 
(b), shows the LWD from the 6061 specimens produced for each combination of 
process parameters. Again, linear increment in LWD data was observed in 6061 
specimens. The graphs show a consistent increase in the number and proportion of 
contact points, within the weld interface, as contact pressure and amplitude increased. 
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Figure 3.12 6061 specimen showing weld interface with contact points and oxides 
dispersed along the interface (un-bonded areas) 
As anticipated, the 6061 specimens had different LWD outcomes where the LWD 
increased with increases in contact pressure and amplitude. This indicated that an 
optimum LWD has not been achieved in 6061 specimens. By employing a 
chemical/plasma etching operation, or similar industrial de-scaling technique, a higher 
LWD would be achieved. The LWD data for 6061 specimens showed greater 
deviation than 3003 specimens, varying from specimen to specimen by up to ±24%, 
most likely due to inconsistencies in the manual cleaning of the 6061 foils. 
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Figure 3.13 Linear weld density of 6061 specimens prepared at weld speeds of (a) 
34.5 and (b) 43.5 mmls, respectively 
Overall, two distinct bonding mechanisms were observed from welding 3003 (and 
treated 6061) and untreated 6061 foils. Figure 3.14 illustrates and compares the 
friction and bonding mechanisms of the brittle oxide and friable oxide, respectively, 
as was found in 3003 and untreated 6061, during ultrasonic consolidation. At the left 
hand side, a thin brittle aluminium oxide (Ah03) layer exists which tends to be 
broken up under ultrasonic scrubbing condition. Whereas, on the right hand side, a 
tenacious magnesium oxide (MgO) layer is present in which the two mating faces slip 
over each other without the scrubbing action required to break up and dissipate the 
oxide. 
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Figure 3.14 Schematic diagram shows welding mechanisms of specimens with 
brittle and friable oxide layer respectively 
3.3.4.2 Lap-shear Test 
From the 3003 specimens tested, all failed within the base metal adjacent to the weld. 
This was due largely to the thin gauge foil used which was unable to produce a 
sufficient turning moment, within the lapped region, causing the specimens to break 
in tensile rather than shearing mode. The effect is shown more clearly in Figure 3.15. 
For this thickness of foil, the proportional lap length, which would result in a 
sufficient turning moment to produce shear failure, would need to be 0.7 mm long. 
However, this overlap length was impossible to achieve, with the UC equipment, as 
the minimum static contact area of the sonotrode was 1.2 mm. To form a sufficient 
weld for the test, some traverse across the lapped foils was necessary and this 
distance, stated above, was too wide for 100 J.tm foils. Simply producing 1,2 mm 
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static welds was not an option as large amounts of deformation, and thinning, of the 
welded joint would lead to premature failure of the specimens at this point. 
Tensile 
load 
Tensile 
load 
___ Failure 
in tensile 
mode 
Weld 
Interface 
"'" Turning ~ moment 
Figure 3.15 Mode of failure in lap-shear specimens showing effect of thin foils 
In none of the specimens did breaks occur within the weld zone, even where visibly 
poor welds were produced. The specimens welded at 138 and 172 kPa (for both weld 
speeds) and the specimens welded at 207 kPa at 43.5mm/s, failed at a load which 
approached the tensile load (550N), regardless of the amplitude setting. As contact 
pressure and amplitude were increased, the level of deformation became significant 
resulting in weld failure at lower loads. The data shows diminishing loads for 
specimens welded with 207 - 276 kPa in all amplitude settings. Figure 3.16 shows 
failure at diminishing loads, for samples welded with various contact pressures and at 
both weld speeds of 34.5 and 43.5 mm/s, as amplitude increases. Based on the 
decrease in failure measurements, as the process parameters were increased, the lap 
shear test was abandoned. 
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Figure 3.16 Lap-shear test data showing decreasing shearing load 
3.3.4.3 Peel Test 
The peel test method was selected to determine weld quality, based on average 
resistance to peeling of the contact points, within the weld interface. The test did not 
behave in the same way when applied to adhesive bonds, which tend to fail uniformly 
across the bond interface. When applied to 3003 and the surface cleaned 6061 
specimens, failure tended to propagate from a series of contact points. Under peeling 
action, a contact point remains bonded with un-bonded material around it tearing, 
during failure, to give the effect of 'teeth' (see Figure 3.17). The more contact points, 
present within a weld interface, then the higher the resistance to peeling, with shorter 
-72 -
'teeth' being observed. This indicated that, even though welds were produced, there 
may be regions where no atomic bond was present, either through insufficient force 
being applied or through the presence of residual oxide at the weld interface. 
Overall, the peel tests produced an incrementa! resistance to peeling as pressure and 
amplitude were increased and weld speeds decreased up to a threshold. At the 
threshold level, the measured peeling load levelled off. For both sets of peel test 
experiments, the modes of failure were identical and could be grouped into two broad 
categories (see Figure 3.17). These were: 
(1) A 'clean break' resulting at the beginning of the weld region when a load was 
applied. Specimens failed through tensile failure (mode I crack-like geometry) at 
the beginning of the weld region. Many contact points exist within the weld 
interface resulting in high resistance to peeling ~90 N in 3003, and ?:.70 N in 6061 
specimens) with little or no tearing being observed. 
(2) 'Teeth formation' due to the specimen resisting failure at the beginning of the 
weld region, resulting in tears propagating from the contact points. Specimens 
which failed in this mode produced lower peeling loads than those which failed 
with a 'clean break' with long 'teeth' being observed. Typically, such failure 
resulted in weld loads of less than 95 N in 3003 specimens and 75 N in 6061 
specimens. 
z 
! 
Extension I mm 
Figure 3.17 Peeling load vs. extension curve showing two failure modes 
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The highest resistance to peeling, recorded for 3003 specimens, was 105±5 N where 
34.5 rnmIs weld speed at 207-241 kPa and 8.4-14.3 p,m amplitude were used. Figure 
3.18 (a) and (b), shows the peel test results at 34.5 and 43.5 rnmIs weld speed, 
respectively, for a range of amplitude and pressure settings. For specimens produced 
at 34.5 rnmIs weld speed, increases in the amplitude improved resistance to peeling, 
up to a point where 'levelling off of the peel load data occurred (showed as dotted 
line in the figure). The implication was that, for specimens with sufficient weld 
strength, the weld could resist greater peeling loads than the base metal, where failure 
occurred in the base metal adjacent to the weld. 
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Figure 3.18 Peel test data produced from 3003 specimens 
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For 6061 specimens, prepared using untreated foil, only in a few specimens, welded at 
high contact pressures (241-276 kPa), low weld speed (34.5 mmls) and amplitudes 
ranging from 10.4-14.3 /lm, did 'teeth formation' occur. The remaining specimens 
failed prematurely and resulted in the two layers of foil being separated in many areas 
along the weld interface. 
It was hypothesised that the oxide layers may have 'fused' together, under dynamic 
interfacial stresses, to produce a mixing effect resulting in a bonded ceramic-based 
compound at the weld interface (see Figure 3.11) and not metallurgical bonds. 
Matsuoka et al (1998) have previously reported the ultrasonic welding of ceramics to 
aluminium and similar atomic bonding may have been present in these experiments. 
If this were true then specimens with MgO layers may produce bonds, above a certain 
threshold, which may fail prematurely against metallurgical bonds as was observed in 
the peel test data for untreated 6061 foils. 
Where 6061 specimens were surface cleaned, then 'levelling off' in the peel test data 
was recorded, where high contact pressures and high amplitudes w~re used. More 
than 70% of the specimens failed through 'teeth formation' and the remaining 
specimens, welded at high contact pressures (241-276 kPa), showed clean breaks at 
the beginning of weld zone producing high peeling loads. A low resistance to peeling 
was observed in the specimens produced at a low contact pressure of 138 kPa. Figure 
3.19 (a) and (b) show the results of the 6061 specimens, prepared with different weld 
speeds and contact pressure settings, at 34.5 and 43.5 mmls respectively. Overall, the 
peeling load data for 6061 specimens were lower than 3003 specimens, as would be 
expected as 6061 possesses a lower tensile strength (UTS) of 115 MPa (compared to 
205 MPa in 3003 foil). 
The levelling off in the peel test data was unexpected and seemed to indicate a 
threshold in the data produced. The data seemed to imply some threshold had been 
reached in the mechanical properties of the welded specimens, termed the 'critical 
peeling load', and is indicated by a dotted line in both Figures 3.18 and 3.19. 
Specimens which failed at loads below the critical peeling load, produced tears, 
within the weld region, propagating from the various contact points. Where 
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specimens failed at or above the 'critical peeling load', the effectiveness of the bond 
could only be predicted and described by some other means for which a model for 
weld strength will be covered in Section 3.4. 
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Figure 3.19 Resistance to peeling of6061 specimens 
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3.3.5 Defining the Process Window 
In general, good bonds fell into a broad range of process parameters which were 
bounded by conditions which produced weld failure. These ranged from no bonds, at 
one extreme, and excessive deformation in the welded structure, with material 
adhering to the sonotrode (rotating horn), at the other. Identifying the optimum 
process parameters for aluminium alloys, under UC conditions, could not be 
quantified precisely. However, a comparison of both peel test data and LWD did 
allow for the identification of the general process window. 
By comparing the results from the peel test experiments with those from the L WD 
experiments, for both 3003 and treated 6061 alloys, there would appear to be some 
degree of correlation. In both cases, as weld speeds were reduced and amplitude 
increased, higher L WD and peeling loads were measured for both methods. 
However, there were occurrences where peeling loads were high but linear weld 
densities were low. For example, LWD data and peeling load data at 276 kPa and 
34.5 mm1s weld speed, shown in Figures 3.9 and 3.18, clearly show this difference, 
indicating that a low microscopic linear weld density does not necessarily indicate an 
ineffectiveness weld. This may explain the formation of the bonded ceramic-based 
compound, observed during the peel test. 
Using the results from specimens producing a 'clean break', during the peel test, and 
the microstructural analysis data, using the data from ±5% of the maximum linear 
weld densities recorded, a general process window could be derived. Figure 3.209 
shows the general process window derived for both aluminium alloys used in this 
background research. The region lay within the process parameters: 
I. Amplitude, ranging from 10.4 to 14.3 JLm (50 - 90%). 
2. Contact Pressure within 207 and 276 kPa (30 - 40 psi). 
3. Weld speed approximately 34.5 mm1s. 
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Figure 3.20 General process window for aluminium alloy 3003 and 6061 under UC 
conditions 
3.4 Weld Strength Model ofUC Welded 
Structures 
From the peel test data, an unusual effect was recorded in the data whereby a levelling 
off occurred in the tests which became known as the 'critical peeling load'. To 
understand the effectiveness of welds produced it was necessary to investigate why 
the test data was reaching a. threshold and then recoding no additional increases in 
peeling load as would be expected in most mechanical testing methods. This was 
achieved by correlating the peel test and L WD data, against each other, and through 
better understanding of how ultrasonic welds, and ultimately weld strength, are 
formed during the consolidation process. 
3.4.1 Influences of Surface Effect and Volume Effect on 
Weld Strength 
Under ultrasonic excitation, the surface effect takes place as the sonotrode vibrates 
transversely to the direction of welding and creates friction at the mating faces of the 
work-pieces. Asperities on the opposite surfaces of the work-pieces shear over each 
other, leading to bonding between asperities (stick) and the destruction of contact 
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points (slip) (Neppiras, 1965; Eaves, 1975; Hulst, 1972). As sliding continues, 
surface deformation increases, the oxide film is displaced and contact points increase 
in both number and cross-sectional area until the stick phase re-establishes itself. The 
continuous fonnation and breakdown of contact points, during welding, produces 
strain hardening at the weld interface which may increase the weld strength of the 
specimen (Kong, 2005). 
In addition, the volume effect may be induced in the weld interface. The volume 
effect is less known in standard ultrasonic welding, as it does not directly affect the 
normal welding operations. In the UC process, high intensity ultrasonic energy is 
applied to the work-pieces, which tends to increase the dislocation density of the 
material, due to the production of new dislocations (Dawson, 1970b). Since the weld 
interface has more grain boundaries and imperfections, which are barriers to the 
development of plastic deformation, the greatest accumulation of dislocations will be 
found in and around the contact points, when ultrasonic oscillations cease. This 
phenomenon is known as 'acoustic hardening' (Langenecker, 1966), which has a 
similar effect to work hardening and may explain why welds had higher strength, after 
ultrasonic welding, when compared to the base metal, prior to welding. 
Should strain hardening, due to surface effect, and acoustic hardening, due to volume 
effect, occur at the weld interface, then there would be an increase in hardness and 
hence the weld strength that the peel test would not be able to measure. If this was 
the case, the shortcomings of the peel test would need identifying before a method for 
measuring weld strength, beyond that indicated by the peel test, could be formulated. 
Microstructural L WD analysis had been shown to be capable of overcoming the 
limitation of measuring the proportion of 'contact points' within the weld interface. 
Of importance, was that the method was able to indicate increases in weld strength, 
though not directly quantifiable, above the point at which failure, in the peel test 
procedure, occured. 
Comparing the microstructural data with the peel test results, for example the 6061 
specimens in Figure 3.13 and 3.19, the data from the two graphs 'track' up to the 
point of the 'critical peeling load'. Beyond this point, the microstructural data 
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indicates that weld strength may be increasing (whereas the peel test data levels off) 
beyond the point at which the foils were failing in the peel test. 
3-4.3 Theoretical Model for Weld Strength 
If the hypothesis was correct and strain hardening and acoustic hardening were taking 
place within the weld interface, then weld strength should continue to increase, as 
amplitude and contact pressure increases and weld speed decreases, beyond the 
critical peeling load, as shown in Figure 3.21. By superimposing the microstructural 
analysis data (linear weld density) onto the peel test data, it was possible to show an 
increase in weld strength and produce a model to describe this. 
UTS of base metal 
Weld strength based on 
combined resuHs 
Weld strength based on 
peel test results 
Contact Pressure, Amplitude, Welding time 
(kPa) (urn) (s) 
Figure 3.21 Theoretical model shows the increasing in weld strength plotted using 
peel test results and the combination of the peel test data and linear weld density. 
The relationship between the failure of the weld, during the peel test, and its strength 
<:sw, was drawn to give two equations which describe failure below (1), at or above (2) 
the critical peeling load; 
F<Fw.cril, 
F?:. F W,cril , 
Fw (J' =-
W A 
w 
Fw,crlt a Gw=--x--
Aw a crit 
(1) 
(2) 
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where Fw is the peeling load obtained from the peel test; Fw,crit is the 'critical peeling 
load' defined by a sharp clean break, produced in the base metal, adjacent to the weld 
region; Aw is the predicted 'effective load-bearing area' during peeling which is 
defmed as a very thin area, within the weld region, bearing the peel loading; and acrit 
which is the linear weld density at the critical peeling load. 
Area Aw was calculated using Madaah-Hosseini and Kokabi's (2002) formula, who 
quantified weld strength in cold rolled specimens using both peel test data and the Aw. 
To successfully apply this work to UC it was necessary to identify an effective 
calculation for Aw, due to the differences in the forces used in this research and 
Madaah-Hosseini and Kokabi's research. Madaah-Hosseini and Kokabi calculated 
for Aw based on cold rolling equipment capable of producing up to 80% deformation 
in the two surfaces being bonded. This would not be the case for the UC research, 
owing to the lower contact pressures used and the negligible deformation produced. 
To identify Aw, the formulas in equation (3) and (4) were used, by considering the 
effect of strain hardening (Hansson, 1978), where the yield strength of the base 
material is equal to the strength of the weld when the critical peeling load was 
reached. 
FW•cril d (J' WCI'll = 0' m 
er w,crlt = ~ an a w,crlt = (j m ' 
W 
(3) 
(4) 
where UW,crit is the critical weld strength, Urn is the strength of the base metal, K is the 
stress at unit strain, e is the true strain and n is the strain hardening exponent. 
Therefore, 
U w•crU =um = K(e) 11 (5) 
K(e)" (6) 
Aw was assumed to be constant in this model, as the testing procedure, for all peel test 
specimens, was identical. 
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3.4.4 Application of the Weld Strength Model 
The peel test results and LWD data, for the 6061 specimens, were used to detennine 
the effectiveness of the model in predicting the weld strength, below and above the 
critical peeling load. The following are results and components (Hatch, 1984) which 
need to be fed into the equations derived in the weld strength model; 
• Critical peeling load = 72 N 
• LWD at the critical peeling load U.crl' = 39% 
• am of6061 foil at room temperature = 115 MPa 
• K (6061-TO) = 224 MPa 
• n (6061-TO) = 0.209 
Applying these data to equation (4) and (6), then strain, e = 0.041 and Aw = 0.624 
mm
2
• Using equations (I) and (2), weld strength of 6061 specimens, prepared using 
34.5 mmls weld speed, was plotted and is shown in Figure 3.22. The graph shows 
that the weld strength of specimens, produced at a contact pressure of 276 kPa and 
amplitudes ranging from lOA to 12.3 jl.m, were greater than the strength of the base 
metaL The dotted line represents the yield strength of the base metal. The maximum 
weld strength was 123.0 MPa which was around 6.9 % higher than the strength of the 
base metal. Overall, weld strength increased with an increase in contact pressure and 
amplitude. 
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Figure 3.22 Weld strength data estimated using the theoretical model 
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Figure 3.23 shows that weld strength may be estimated by identifying the linear weld 
density and the contact pressure used. For example, a 6061 specimen with linear weld 
density of 30%, prepared using contact pressure of 276 kPa, had an average weld 
strength of around 110 MPa (depending on the amplitude setting and weld speed used, 
weld strength may be greater or lower than this figure). 
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Figure 3.23 Correlation of weld strength with linear weld density of welded 
specimens 
3.4.5 Relating Increases in Weld Strength to 
Microhardness 
Though there was no way to physically test for an increase in weld strength, beyond 
the critical peeling load, it was possible to confirm changes in the weld strength, at the 
interface, by looking for increases in hardness, as predicted by the theory of surface 
and volume effect. Vickers microhardness readings were taken using cross-sectional 
samples through the bulk aluminium and into the weld interface, using the 
relationship between material hardness and strength, in terms of mechanical 
properties. 
In order to make a comparison to the weld strength data estimated from the model, the 
hardness test was preformed on 6061 specimens. Measurements were taken by 
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Vickers diamond pyramidal indenter under a 50 g load for 15 s using a Buehler's 
Micromet 2100 Microhardness Tester. For each welded specimen, five measurements 
were taken at 50, 75, 100, 125 and 150 pm, respectively; with the position at 0 pm 
being the uppermost face of the weld, i.e. the surface which makes direct contact with 
the sonotrode during welding. With a foil thickness of 100 pm, micro-hardness 
measurements for the weld interface were, therefore, 100 pm below the surface. Six 
sets of measurements were recorded from three specimens, welded using identical 
process parameters. The Vickers hardness number (Rv), for each position, was 
determined by averaging. 
From the measurements, the effects of acoustic softening and hardening, as predicted 
by surface and volume affect, were observed, as shown in Figure 3.24. The results 
were the average of the microhardness values obtained from the weld interface (100 
pm from surface). Acoustic softening was observed in specimens welded at low 
contact pressures from 138 to 172 kPa, producing Rv measurements less than the 
hardness value of the un-welded 6061 foil (shown as a dotted line at Rv = 50.16). In 
contrast, specimens produced using 241 and 276 kPa contact pressure produced 
acoustic hardening at the weld interface with hardness numbers were up to 11 % 
greater than the un-welded foil. 
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Figure 3.24 Micro-hardness test results of 6061 specimens against amplitude 
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3.4.6 Summary 
As welding proceeds, within the UC process, dislocations move from the crystal 
lattice to the grain boundaries, at the weld interface, leading to the acoustic hardening 
effect mentioned. By plotting microhardness, in terms of the position of the 
measurement taken across the weld interface, then Figure 3.25 shows that, for those 
measurements taken at 50, 75, 125 and 150 p,m from the surface, a reduced hardness 
was present after welding, compared to the hardness of un-welded foils. 
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Figure 3.25 Distribution of hardness measurements in welded specimen shows 
weld interface (at 100p,m from the surface) having higher Rv as compared to the 
surrounding regions 
By combining the results of the weld strength and the microhardness data, in Figure 
3.26, a linear relationship was obtained, confirming that the model, for increasing 
weld strength, shadowed the increase in microhardness. Where specimens were 
produced at low contact pressures, low amplitudes and high weld speeds, then low 
strength welds were produced, as well as hardness measurements below Hv = 50.16. 
At higher contact pressures, higher amplitudes and lower weld speeds, weld strength 
was equal to or greater than the strength of the base metal. 
The identification of a weld strength model will help to control mechanical properties 
when fabricating components and fed into the next phase of experiments on adaptive 
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composite fabrication and for ultrasonic cladding/skinning techniques for metal 
structures. 
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Figure 3.26 Correlation of weld strength to hardness at the weld interface of the 
specimens 
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4 
Initial Trials to Embed Fibres in 
Aluminium Matrix Specimens 
4.1 Introduction 
In Chapter 3, the weld strength analysis and Vickers microhardness readings indicated 
that high degrees of dislocation movement and acoustic softening might be occurring, 
during the consolidation process, to explain the behaviour observed. Similar 
observations have been previously recorded by Astashev and Babitsky (1998), who 
found that, during ultrasonic assisted machining, a phenomenological transformation 
of elasto-plasticity into visco-plasticity occurs in metals, when in contact with the 
ultrasonic device. During the work, to characterise monolithic specimens, the filling 
of surface irregularities (such as pits and grooves between the foils being welded) was 
observed, indicating the extent to which plastic flow occurs within the metal foils. To 
demonstrate how effective this mechanism could be, Figure 4.1 shows the filling of an 
groove made in one of the foils being welded. In this case the sonotrode was moving 
away from the reader and shows how material from the upper foil was injected into 
the groove. 
During UC, the weld area is essentially constrained by the sonotrode and anvil (above 
and below the weld area) and the solid metal of the foils, in front of and behind the 
weld area, as shown in Figure 4.2. Within the weld zone high degrees of plastic flow 
should theroetically occur but there is often no visible sign of this in welded 
specimens as the weld zone is constrianed by the process. A working hypothesis was 
drawn whereby the volume effect has very little visible impact on the resultant weld's 
shape during standard welding of monolithic tapes. However, if a physical object 
were introduced between two foils being welded, then the volume effect would induce 
sufficiently large amounts of displacement to embed the object between the foils. If 
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either a particulate or fibre, of sufficient hardness, were introduced between two 
aluminium foils then the particulate/fibre may withstand the 'scrubbing' action 
described previously. 
Figure 4.1 Plastic flow of material into cavity due to volume effect 
Figure 4.2 
Welding direction 
.. 
Sonotrode 
Weld Area t Work-pieces 
Anvil 
Narrow weld area constrained by sonotrode and anvil, and material 
surrounding it 
Specifically the research, described in this chapter, began by identifying the hardest 
fibre type, which could be obtained within the monetary constraints of the research. 
This was Sigma fibre (Silicon carbide fibre), developed by DERA and supplied by 
Qinetiq. In addition the research considered how to incorporate fibres within 
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laminates of aluminium to determine bonding or chemical interaction, at the fibre-
matrix interface. The outcome provides a 'road map' to embedding, not only high-
strength reinforced fibres, but also ductile and/or fragile functional fibres, and lay 
down the initial investigative principles for the main body of the research. 
4.2 Experimental Considerations 
4.2.1 Materials Selection 
(i) Matrix Material 
Based on its earlier characterisation, aluminium alloy 3003 was selected as the matrix 
material for fibre embedding. Annealed aluminium 6061 was not used, for the 
research covered in this and further experiments, due to the manual cleaning 
procedures, described in Chapter 3, and the presence of the tenacious oxide layer, 
which introduced amounts of non-linearity, in the 6061 specimens, compared to 3003. 
(ii) Fibre Types 
Sigma silicon carbide fibre was chosen for the initial trial as it combines strength and 
hardness, in the fibre, which should exhibit minimum distortion during consolidation. 
Prior to this, efforts were made to locate diamond fibre, which should exhibit no 
distortion during consolidation. This was not available but did result in the 
identification and supply of Sigma silicon carbide (SiC) fibre. Sigma fibre is used for 
continuous reinforcement of metal-matrix composites (MMC) and exhibits little or no 
distortion during consolidation, where high pressure and high temperatures are used 
during processing. Sigma fibre was therefore chosen to determine whether the UC 
process could drive sufficient plastic flow (volume effect), within the matrix material, 
and encapsulate interlayer fibres, as would be found in conventional MMC fabrication 
processes. 
Sigma fibre SM-1240 was supplied directly by Qinetiq. The tensile strength of the 
fibre was approximately 3.5 GPa. The fibre outer diameter was lOO /Lm, with a 
double coating of approximately I /Lm titanium boride plus approximately I /Lm 
carbon. This grade of fibre is nonnally recommended as suitable for aluminium 
matrix composites, to produce a strong carbide interface, via chemical reaction 
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between the aluminium (matrix) and carbon. The thin layer of carbon coating ensures 
that no excessive chemical reaction is produced at the fibre-matrix interface, which 
may result in poor composite strength. Though strong interface may be essential to 
ensure that load is transferred efficiently between the fibre and matrix, in many cases, 
it may be desirable to have physical bonding (with little or no chemical reaction), to 
deflect propagating cracks within the material and thus to promote energy absorption 
and raise the composite's toughness (Clyne, 1993). 
4.2.3 Fibre Embedding Procedure 
To assess the amount of matrix flow, around a fibre during consolidation, it was 
decided to consider more than one fibre embedded within a single test specimen. In 
this case, three were chosen at random fibre spacing. This approach was chosen to 
allow a measurement of the amount of the matrix flow around the fibre at the middle, 
with the fibres at the either sides effectively constraining any lateral plastic flow, as 
illustrated in Figure 4.3. Three fibres were embedded parallel to each other in the 
direction of consolidation, within upper and lower matrices. The contact pressure, 
applied at the sonotrode on the work-pieces, indented the fibres into the lower matrix 
and, at the same time, drove plastic flow of matrix material around the fibres. 
No sliding 
between top tape 
and sonotrode 
No sliding between 
bottom tape and anvil 
Sonotrode 
Ultrasonic oscillation 
of matrix 
Z 
Contact Pressure 
Bulk defonnation 
between top and 
bottom tapes 
Fibre indented into 
lower matrix 
Figure 4.3 Three fibres aligned parallel to each other in the transverse direction of 
ultrasonic consolidation 
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Based on a preliminary trial, it was found that when the fibre diameter approached the 
sum of the thickness of the upper and lower matrices (Le. 200 /Lm in the case of the 
two 100 foils), there was insufficient matrix material available to encapsulate the 
fibre. This resulted in fibres being exposed and damaged, at the matrix surface (see 
Figure 4.4), when they came into contact with the sonotrode. Where a fibre had a 
diameter approaching or equal to 200 /Lm, then two layers of 3003 foils were 
ultrasonically welded together, to produce thicker matrix foils, prior to embedding the 
fibres. This ensured sufficient material to flow around the fibres without the fibres 
being damaged. However, producing foils thicker than 200/Lm had to be balanced 
against the reduction in ultrasonic energy being delivered to the work-piece, which 
would adversely affect the quality of the weld and result in lower resistance to peeling 
and lower linear weld densities. 
Figure 4.4 In preliminary test, nickel fibre of 150 /Lm diameter exposed to the 
matrix surface, during consolidation, due to insufficient material available to flow and 
encapsulate the fibre 
As no prior knowledge existed, to indicate how well fibres would be embedded, there 
were concerns for the fibres being damaged during consolidation. To address this, 
three embedding methods were considered, based on ultrasonic loading (contact 
pressure) on the fibres. The three methods centred on the application of: 
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(1) Full load (see Figure 4.5 (a» - fibres were placed between matrix foils and 
consolidated so that matrix material flowed around the entire fibre. Direct 
consolidation would theoretically impart the greatest shearing load, to the fibres, 
during the initial application of the scrubbing action. This technique, if 
successful, would permit high production rates. 
(2) Partial load (see Figure 4.5 (b» - as in 'full load' but using an initial 'sweep' of 
the foil and fibre mass, at minimum amplitude (6.5 p.m) and low contact pressure 
(138 kPa), to partially embed or 'tack' the fibres prior to the full application of 
displacement and load. This approach may reduce the contact pressure applied to 
the fibres and consequently reduce fibre damage and may offer a method by 
which fibres could be 'stacked and tacked' in certain arrangements or at higher 
volume fractions, prior to consolidation. However, this technique takes double the 
time required to produce a specimen, as compared to 'full load' . 
(3) No load (see Figure 4.5 (c» - in this approach grooves or channels were 
introduced into the matrix foils, into which the fibres could be placed. The 
grooves were slightly larger than the fibre's diameter to protect them from 
excessive loading. Consolidation would then take place at 'full load'. This 
approach could be preformed as a micro milling operation, chemical etching or a 
forming process to protect very fragile fibres. In this experiment, a groove was 
prepared, in the matrix foils, by pressing a strong fibre (Le. Sigma fibre was used) 
into the lower matrix and removing it to leave a channel in which a fibre was 
placed, prior to full consolidation. This is the safest method, but also the most 
time consuming. 
(a) 
Figure 4.5 
(b) (c) 
Embedding methods: (a) full load, (b) partial load and (c) no load, 
respectively on fibre 
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4.3 Specimen Testing Methodology 
4.3.1 Process Parameter Selection 
Due to the presence of fibres, between the foils, it was expected that higher levels of 
ultrasonic energy would be required to achieve consolidation than for monolithic 
structures, resulting in an altered process window. To allow for this, specimens were 
firstly prepared using process parameters which fell within the previously identified 
process windows for aluminium alloy 3003. Contact pressure settings ranged from 
207 to 276 kPa, which were equivalent to clamping forces of 19 to 27 MPa, applied to 
the work-piece using a sonotrode of 47 mm diameter (i.e. a contact area of 1.2 mm by 
25 mm). Secondly, additional contact pressures of 172 kPa (or clamping force 16 
MPa) and 345 kPa (36 MPa) were used, which lay well outside the process window 
for monolithic 3003, to determine the effect oflow and high pressure, respectively, on 
fibre consolidation. The range of amplitudes ranged from 8.4-14.3 /lm (30 - 90%), 
with weld speed set at 34.5 mmls. To maintain consistency across the range of tests, 
the number of specimens, for each combination of the three process parameters, were 
identical. 
4.3.2 Specimen Assessment Methods 
Fibre specimens were assessed using microstructural examination. Preliminary 
attempts were made to identifY the fibre-matrix interfacial strength using fibre pullout 
and fibre push-out methods. Although fibre pullout testing has been applied to 
MMC's in the past, there were practical difficulties encountered when loading 
consolidated specimens with embedded hard and brittle fibres, i.e. Sigma SiC fibre, 
onto tensile test equipment. Fibres tended to fail at the gripping jaws of the tensile 
test machine. Even though the push-out test is more suited to brittle fibre 
applications, in practical terms this was not possible as the apparatus was difficult to 
align the micro-punch with the fibre being pushed from a matrix specimen, leading to 
premature failure and inconsistent results. Figure 4.6 shows where attempts were 
made with 2 mm long samples cut from consolidated specimens. Each sample was 
placed on an anvil with a micro-hole of approximately 500 /lm diameter, drilled 
through its centre, to receive the push-out fibre. Inconsistent results led to both pull 
- 93 -
out and push out methods being rejected, in this particular case (it will be visited 
again for other fibre types). 
Figure 4.6 Fibre push-out test setup showing punch was used to push the 
embedded fibre out of the matrix and into the micro-hole 
The microstructural analysis was therefore selected, firstly, to measure 'void closure', 
based. on optical micrographs, and secondly, to observe and deduce plastic 
deformation of matrix material, around the Sigma fibres, using scanning electron 
microscopy (SEM) and, thirdly, to measure fibre/matrix interfacial bonding, using 
energy disperse x-ray (EDX) analysis. 
Void closure measurement was used to quantify the amount of plastic flow during 
consolidation and resulted in the identification of a threshold above which, full 
closure of upper and lower matrices between fibres occurred. Six specimens were 
produced, for each combination of process parameters. Specimens were cross-
sectioned, polished and examined under optical microscope. As shown in Figure 4.7, 
the amount of plastic flow, after consolidation, was measured from the gap remaining 
between upper and lower matrices, at the either side of the middle fibre (marked as 
VCI and VC2 in the figure). It was expected to observe different amounts of void 
closure, between fibres, based on the process parameters used, as well as any 'earing 
and barrelling' effects (see Figure 4.8), normally found in the hot pressing processes 
forMMC production. 
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VC 1 VC2 
(d-h) 
Void Closure, VC = d xlOO% 
Figure 4.7 Schematic diagram showing measurements of void closure 
Ear Defect Void 
Figure 4.8 'Earing and barrelling' effect normally found in thermal processes 
For the SEM analysis, samples were cut, for each specimen produced, perpendicular 
to the fibre axial direction and prepared following the standard procedures of lapping, 
polishing and Keller's etching. Each sample was examined under SEM microscope 
and micrographs were captured to show plastic flow within the structure. The same 
samples were then re-polished and used in the EDX analysis. During EDX 
examination, an electron beam strikes the surface of the sample and causes x-rays of 
different spectrum to reflect from the surface, depending on the elements present. 
The x-rays generated were from a region about 2 /Lm in depth from the surface. By 
moving the electron beam across the material, an image and intensity of each element 
in the sample can be acquired. 
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4.3.3 Bulk Specimen Fabrication 
Trials to embed mUltiple Sigma fibres (more than three fibres) were conducted to 
assess the capability of the UC process in the production of adaptive composite 
structures. Bulk specimens were prepared by embedding a single layer of fibres 
between the upper and lower matrices, in accordance with standard tensile test 
dimensions (BS EN 10002-1:2001), as shown in Figure 4.9. Fibre volume fractions 
of2.5±0.2% (8 fibres), 5±0.4% (IS fibres) and 7.5±0.7% (23 fibres) were considered. 
The volume fraction, or the amount of fibres embedded, was calculated based on the 
proportion of areas containing fibres over the entire cross section area (-2.4 mm2), at 
the mid point along the gauge length. Higher fibre volume fractions were not 
considered in this experiment, but these can, theoretically, be achieved by adding 
alternative layers of fibres and matrices to build-up a thicker specimen. 
18 30 
1 Gauge length = 24 
1 
.1 
/ i 6±O.5 
SMA fibres 
0.4 (4 layers) 
t \ \ 
All d' Imenslons In mm 
2i = 2 Rad us 1.5 
Consolidation direction 
11 
Figure 4.9 Tensile test specimen dimension for the bulk specimen fabrication 
Three specimens, for each fibre volume fraction, were prepared using the 'full load' 
embedding method and a combination of process parameters, which represented the 
upper, mid and lower range of the process window. Full loading was used as it was 
the fastest method to allow quick assessment of the process capability. The 
combination of process parameters used in the experiment was: 
1. Contact pressure of276 kPa, amplitude of 14.3 ",m and weld speed of34.5 mm/s 
2. Contact pressure of241 kPa, amplitude of lOA ",m and weld speed of34.5 mm/s 
3. Contact pressure of 172 kPa, amplitude of8.4 ",m and weld speed of 34.5 mm/s 
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4-4 Results and Discussion 
4.4.1 Void Closure Results 
From the micrographs produced, fibre spacing did not change the amount of void 
closure and no visible voids or porosity was observed at the weld interface. In all 
cross-sectioned samples, there were no gaps between the upper and lower matrices 
and no earing or barrelling effect was observed. A fine un-bonded interface was 
visible, after etching, in which an average void closure of 99% was recorded in all 
specimens, as shown in Figure 4.10. 
100.0 
99.8 
99.6 
99.4 ~ 0 
e 99.2 
:l 
en 99.0 0 (3 
98.8 
:5! 
~ 98.6 
98.4 
98.2 
98.0 
8.4 10.4 12.3 14.3 
Amplitude, J.1m 
Figure 4.10 Void closure data measured from specimens consolidated at a 
combination of amplitude and contact pressures, and a weld speed of 34.5 mm1s 
It was, therefore, difficult to identify at which combination of process parameters 
complete bonding, between fibre and matrix, occurred as all specimens produced void 
closure of approximately 99%. It was hypothesised that plastic flow occurred almost 
immediately when ultrasonic oscillations began, due to the volume effect, which 
caused 'acoustic softening' in the matrix. Earring and barrelling were not observable 
in any of the specimens produced which made it impossible to identify the threshold 
above which complete closure of voids occurred 
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The results obtained from this experiment were inconclusive and the work has since 
become part of an Innovative Manufacturing and Construction Research Council 
(IMCRe) funded project focussing on the measurements of plastic flow of matrix 
materials around fibres and an EPSRClMoD project focussing on the simulation of 
plastic flow in matrix materials. 
4.4.2 SEM Results 
For the specimens produced using the Sigma fibres, the results obtained from the 
three embedding methods considered were similar. With all three methods, fibres did 
not show any distortion or damage, after consolidation, even where over-loading of 
the specimen up to 345 kPa was utilised. Figure 4.11 shows fibres embedded within 
the aluminium matrix showing full consolidation at the weld interface. 'Flow lines' 
were observed below the fibres after etching. It was postulated that flow lines were 
the result of the combined mechanism of indentation of the fibres into the matrix and 
the oscillatory action of the sonotrode. The combined action may repeatedly deform 
the matrix, on the microscopic scale, with no preference in deformation in either the 
upper or lower matrix foils. Figure 4.11 clearly shows that the titanium boride and 
alumina coatings remained intact throughout the consolidation process, unless two 
fibres were in contact with each other, where the outer coating was fractured, as 
shown in see Figure 4.12. 
The SEM images were unable to resolve the method and progression of matrix flow 
, 
around the fibres or whether the fibres sat exactly between the upper and lower 
matrices. To solve this question, and to visualise how plastic deformation was taking 
place around the fibres, the experiment was extended to include an interlayer between 
the upper and lower matrices. The interlayer had to be a different colour or 
appearance, under microscope, in order to differentiate it from the aluminium matrix. 
For a simple and Iow cost solution, thin copper film at 10 fLm thick, was used. 
Interlayers, thinner than 10 fLm, may have ruptured in a similar way to oxide layer 
dispersion through the action of scrubbing and dispersion along the weld interface. 
Other methods, such as sputtering or plating the matrix with tin, silver or gold, were 
both costly and time consuming, due to the presence of surface oxides on the 
aluminium foils. 
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Figure 4.11 Full consolidation produced at the weld interface. The matrix below 
the fibre showed some plastic flow lines. Keller's etched. 
Figure 4.12 Coating failed when fibres were in close proximity 
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At 10 p,m thickness, the copper film would not adversely affect the plastic flow of the 
aluminium matrix and should show the amount of 'disturbance' in the matrix, after 
consolidation. Two runs were conducted. In the first run the copper foil was placed 
above the fibres, as shown in Figure 4.13, prior to placement of the upper matrix foil 
and in the second run it was placed below the fibres, as shown in Figure 4.14. 
Specimens in Figure 4.13 (a) and Figure 4.14 (a) were prepared at low amplitude (8.4 
p,m), while specimens in (b) were prepared at high amplitude (12.3 p,m). All 
specimens were consolidated at 276 kPa and a weld speed of 34.5 mmls. Generally, 
there was no major difference in the outcomes from these two runs: 
• Where a low amplitude was applied, little plastic flow was observed. In both 
approaches, the copper film was thinned at the point where contact pressure was 
applied to the fibre. The thinning effect was due to the indentation of fibre into 
matrix during initial contact. 
• Where a high amplitude was applied, then plastic flow was observed in the copper 
foil with a transverse movement of material being visible. The accumulation of 
copper at the either side of the fibre was due to the combined effect of acoustic 
softening and surface friction process (shearing and transferring of material), 
under ultrasonic oscillation. Figure 4.15 shows the extent to which dispersion 
occurred. 
Figure 4.13 Embedding copper interlayer above the Sigma fibre to visualise the 
plastic flow mechanism under ultrasonic excitation 
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Figure 4.14 Copper foil placed below the Sigma fibre 
Figure 4.15 Transferring of copper during ultrasonic oscillation, where the 
combined mechanisms of surface effect and volume effect occurred. 
Overall, the SEM images did show plastic flow in the matrix material, and fibres were 
found equally indented in the upper and lower matrices (the centre of the fibre was 
level to the weld interface). 
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4-4.3 Plastic Flow Results 
In UC, the interaction of fibres and matrix, during the process, followed similar 
plastic flow mechanisms nonnally found in fusion processes. These were initial 
indentation of fibre into matrix and closure of voids even though the process was too 
fast for earing and barrelling to be captured in progress. This may have been due to 
the high strain rates which occur in the matrix as the frequency approaches the applied 
vibratory frequency (i.e. 20 kHz). From these results, the following consolidation 
mechanisms for plastic flow could be drawn (see Figure 4.16). These mechanisms 
were; 
1. Initial indentation of the fibre into the matrix, as a result of instantaneous plastic 
yield. The process was arrested when the applied load was counterbalanced by 
resistance to matrix defonnation resulting from a larger contact region around the 
fibres. 
2. In the presence of additional dynamic stress (in the fonn of ultrasonic energy), 
plastic defonnation (strain rates) was dependent on additional vibrational stress 
and its amplitude. Plastic defonnation of the matrix material took place almost 
instantly without visible barrelling or earing. 
3. Closure of the voids, leading to highly localised interfacial slip, broke up surface 
oxides and other contaminants. In addition, ultrasonic energy then drove diffusion 
of metal atoms across the interface and further dispersed clustered oxides at the 
weld interface. For specimens prepared at 'partial loads', full closure only 
occurred after full consolidation. 
As illustrated in Figure 4.16, contact pressure is necessary to initiate plastic flow and 
ensure that the upper and lower matrices move closer to each other on each cycle of 
ultrasonic oscillation. On the other hand, amplitude plays a major role in controlling 
the plastic flow rate, when the upper and lower matrices meet each other, producing 
the scrubbing action at the weld interface. Where higher amplitudes were used, more 
energy was absorbed in to the dislocations, within the matrix, which increased the 
mobility of dislocations and therefore reduced the force required to defonn the upper 
matrix around the fibres. It was hypothesised that under UC conditions, ultrasonic 
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energy was transmitted through the fibres to allow fibre indentation into the lower 
matrix which may speed up the 'encapsulation' process. 
The plastic flow mechanism, shown in Figure 4.16, was applied to specimens 
consolidated using 'full load' and 'partial load' embedding methods. For specimens 
prepared using 'no load', the consolidation mechanisms were similar to those found 
previously for monolithic foil consolidation, resulting in large surface friction and 
adhesion of asperities between upper and lower matrices combined with bulk 
deformation of the matrices to encapsulate fibres within the matrix. 
_ Clamping force 
(1) Initial indentation of 
fibres into matrix. 
(2) Ultrasonic energy 
drives dislocatior 
movement and 
overcome resistance 
to plastic deformation. 
(3) Friction at interface 
breaks up oxides & 
atoms diffuse across 
clean interface 
Figure 4.16 Schematic of plastic flow mechanisms during UC processing 
4.44 EDX Results 
Figure 4.17 shows the EDX elemental mapping data at the fibre-matrix interface. 
Between the fibres and matrix, there was little or no reaction zone observed, after 
consolidation demonstrating that bonding, at the fibre-matrix interface, was a physical 
bond (may be with little chemical reaction). This was a positive result, as the Sigma 
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fibre selected will normally react chemically, in the presence of heat, with the 
aluminium matrix. 
SEM image of sample 
Al Si Ti c 
Figure 4.17 Mapping of individual elements within the specimens show no 
evidence of chemical bonding at the fibre-matrix interface 
The results of the EDX analysis is shown in Figure 4.18. Aluminium and silicon had 
a very high intensity, as these were the main elements that made up the matrix and the 
fibre, respectively. Other elements, were carbon (or carbide) and titanium, which 
were the elements found in the fibre coatings, and Manganese, which was one of the 
elements in the aluminium matrix. 
. .. Energy(keV) . 
Figure 4.18 Elements detected in embedded Sigma fibres aluminium alloy 3003 
specimen 
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4.4.5 Bulk Specimen Results 
Attempts were made to include higher fibre volume fractions and it was found that as 
more fibres were included between the foil layers, then higher contact pressures and 
higher amplitudes were needed to produce full consolidation. Where specimens with 
fibre volume fractions >5% were attempted, it proved difficult to pack the fibres 
within a single layer. Under examination, upper and lower matrices were separated in 
many locations along the weld interface, within the specimens. Separation (i.e. 
unsuccessful bonding) may be due to ultrasonic energy being absorbed by the fibres 
and insufficient energy being delivered to merge the upper and lower matrices. 
For the matrix-fibre-matrix arrangement produced at, and less than, 5% volume 
fraction, using 10.4 and 14.3 p.m amplitudes and 276 kPa contact pressure, specimens 
exhibited high degrees of plastic flow, of the matrix, around Sigma fibres, as shown in 
Figure 4.19. Where specimens were consolidated using low contact pressures (172 
and 241 kPa) and a low amplitude (8.4 p.m), premature failure was observed which 
indicated insufficient energy being delivered to the work-pieces. 
Figure 4.19 Bulk specimen comprises multiple fibres in a single layer 
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Methodology to Embed Active/Passive 
Fibres within AI Matrices 
5.1 Introduction 
The initial trials conducted in the preceding chapter demonstrated the mechanism of 
the volume effect in work-pieces, during the ultrasonic consolidation (UC) process, 
which was a clear indication of the potential of this process for embedding fibres 
within metal structures. In UC, the volume effect replaces the use of thermal energy 
for softening of the work-pieces. Comparing the effects of ultrasonic oscillation and 
heating, used in hot pressing processes, then similar results are seen in the static yield 
strength of the work-pieces. According to Severdenko et at (1972), the plastic flow 
mechanisms found in ultrasonic activated processes and for heating processes differ. 
Whereas ultrasonic energy is absorbed in those areas of crystal lattice which bear the 
mechanism of plastic deformation, such as dislocations and grain boundaries, in 
thermal processes the energy is distributed uniformly over the whole volume of the 
metal being deformed. The volume effect therefore suggests how fibres/elements, 
sensitive to the application oftemperature and/or pressure, may be embedded within a 
metal matrix and may even be extended to include objects, such as particulates, 
circuitry and actuators within metal structures. 
The outcomes from the initial trials provided the momentum to extend the 
investigation to the challenge of embedding both active and passive fibres, within an 
aluminium matrix, as the first move towards truly adaptive metal structures. To do 
this, the metal matrix must contain a passive element to detect a change in state, from 
which an output signal can be derived. The output signal monitored and a response is 
then fed to an active element, within the same structure, so that a correction to the 
change in state can be implemented. The research therefore addressed these two 
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elements separately so that the combination and optimisation of UC process 
parameters, for each of the candidate fibre materials, could be identified. Future 
research, covered in Section 8.2, will naturally extend this work to embed both active 
and passive fibres within the same system, where the input and output signals will be 
linked. 
5.2 Material Selection 
Based on the guidance from military/aerospace collaborators, two candidate fibre 
materials were identified. These were shape memory alloy (SMA) fibre at 100 /lm 
diameter, representing an active fibre, and multimode optical fibre with 100 /lm core 
diameter, representing a passive fibre element. 
Compared to Sigma fibres, and many common reinforcement fibre types, SMA fibre 
is flexible and relatively ductile. Embedded SMA fibres have been the focus of 
research on adaptive/smart structures, such as control surfaces for aircraft and missile 
systems, active damping for military platforms and self- heal/repair systems. In many 
cases, . these structures are polymer matrix structures, where heating the structure 
induces recovery forces in the fibres, to actuate control in shape and stiffuess 
(Loughlan, 2002). When fabricated into metal structures, using conventional high 
temperature processes, problems arise as SMA fibre possesses a low operating 
temperature, typically below 100·C, making its phase transformation characteristics 
difficult to preserve. In addition, in some applications, embedded active fibres may 
not be required to be part of the load transfer system within the matrix. Chemical 
bonding at the fibre-matrix interface is not necessary, as active fibres may need to 
move within the embedded structure to actuate a response. As described in Section 
2.4.3, the key to exploiting the UC process, in this application, was as a cold 
fabrication technique. 
For this study, Flexinol™ SMA fibre was used. Flexinol™ is a trade name for a 'one-
way' nickel-titanium alloy, supplied by Dynalloy, Inc. from the USA. A 'one-way' 
SMA alloy is an alloy in which martensitic to austenitic transformation occurs 
naturally, when thermally activated. One-way SMA fibre generally needs a biasing 
force (i.e. pulling force) to distort the material back to martensite after transformation 
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takes place. Flexinol™ SMA fibre is commonly used for embedding applications, is 
readily available and was within the project budget (approximately £4 per metre). 
The mechanical, thermal and physical properties ofFlexinol™ SMA fibre are listed in 
Table 5.1. 
PhaselMicrostructure Austeuite I Martensite 
Recommended Pull Force (Yield point), MPa 190 
Ultimate Tensile Strength, MPa 1000 
Young Modulus (E), GPa 75 I 28 
Linear Resistance, nlm 150 
Thermal Cycle, cycle/min 33 
Phase Transformation Temperature, ·C 68 -78 
Melting Temperature, ·C 1300 
Thermal Conductivity, W/cm·C 0.18 I 0.08 
Density, Kg/m' 6450 
Table 5.1 PhYSical and mechamcal properties of Flexmo1™ shape memory alloy 
Where optical fibres have been embedded into structures, such as health monitoring 
systems, these structures are normally polymer matrices. Although research has been 
attempted to fabricate optical, FBG or EFPI fibres within metal matrices structures, it 
has proved to be a difficult and complicated process due to the high temperatures and 
high pressures found in conventional MMC fabrication processes (Li, 2003). For this 
research, neither FBG nor EFPI fibres were available[a] (each sensor cost more than 
£ 120), nor was access to signal processing equipment. Multimode optical fibres were 
readily available, easier to handle and set up for the light transmission tests, when 
compared to single mode fibres, which will be detailed in Section 5.3.2. 
Multimode optical fibre was supplied by Newport Corporation in Califo;nia, United 
States, and had a 100 Jl.m diameter glass core, a 140 Jl.m outer diameter glass cladding 
and a 250 Jl.m outer diameter acrylic sheath. 
[.) Since completion of this study, a source of 3 FBG sensors has been found so that embedding may 
be characterised. 
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5.3 Methodology 
For both fibre types considered in this experiment, age-hardened aluminium alloy 
3003 (3003-H18) was used as the matrix foil and the three embedding methods (i.e. 
full load, partial load and no load) were used based on the initial experiments outlined 
in Chapter 4. Microstructural observations and physical experiments were conducted 
to assess the effectiveness of embedding, the functionality of prepared specimens and 
the identification of optimum process parameters for embedding. The experiments 
included thermo-mechanical response and light transmission, for SMA and optical 
fibre embedded specimens, respectively. 
For all experiments, the process parameters, identified as within the process window 
of monolithic aluminium alloy 3003, were used. Each specimen was consolidated 
using a range of contact pressure settings, from 172 to 276 kPa at 35 kPa increments, 
a range of amplitude settings, from 30% to 90% at 20% increments (which equated to 
a sonotrode displacement of 8.4, 10.4, 12.3 and 14.3 J1.m, respectively) and a weld 
speed of 34.5 mmls. The specific methodology to prepare specimens, for each of the 
tests, is detailed in the following sections. To maintain consistency, across the range 
of tests, the numbers of specimens and embedding methods, for each combination of 
the three process parameters, were identical. 
5.3.1 Methodology for Embedding Active Fibres 
Depending on the application, bond effectiveness at the fibre-matrix interface may be 
an important element of the experimental approach where attributes to control 
deflection or alter the natural frequency of the structure would be required. Bonding 
between SMA fibres and the matrix material is difficult to achieve in polymer-matrix 
composites, due to the phase transformation and dimensional change in the SMA 
fibres when activatedlheated. 
To determine the effectiveness of the fibre-matrix bond experimentally, both 
microstructural observation and resistance to fibre pullout were considered. To 
detennine the amount of recovery force, capable of being generated by embedded 
SMA fibres, a thermo-mechanical test was formulated to measure the effect of 
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gradual heating to trigger the shape memory effect in specimens. The SMA fibres 
were 5% pre-stained, using a standard tensile test machine, so that the fibres could 
generate an actuation force when activatedlheated. Specimen preparation, for each 
experiment, is discussed in the following sub-sections. 
5.3.1.1 Microstructural Observation 
The use of microstructural observation was the key method by which the effectiveness 
of the consolidating process could be assessed and validated. The technique was used 
for examination of plastic flow of matrix material around the SMA fibres, distortion 
of the fibre and the bonding between matrices and at the fibre-matrix interface, after 
consolidation. Microstructural observation was also used to examine the cross-
section of consolidated specimens, after the fibre pullout test. 
For the microstructural observation, three specImens were produced, for each 
combination of process parameters. Each specimen was then sectioned in the direction 
perpendicular to the fibre axis and prepared following the standard procedure of 
lapping, 1 /lm polishing and Keller's etching, before examination under optical and 
SEM microscopes. 
5.3.1.2 Fibre Pnllout Test 
Though the fibre pullout test was shown to be unsuitable for hard and brittle Sigma 
SiC fibres, the test was selected, in this study, due to its suitability for testing ductile 
SMA fibres. The fibre push-out test, considered in the initial trials, was not 
considered suitable for ductile fibre testing due to deformation of the fibre in the 
matrices, as explained graphically in Figure 5.1. Where a ductile fibre is used in the 
push out test, the applied load causes Poisson expansion in the fibre which increases 
the radial compressive stress. The fibre tends to buckle where the load is applied and 
would adversely affect the measurement of de-bonding of the SMA fibre from the 
matrix. 
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Figure 5.1 
Punch 
Specimen 
Brittle Fibre Ductile Fibre 
Fibre push-out mode in specimens with brittle and ductile fibre, 
respectively 
There is no standard fibre pullout test for MMC's. In practice, the fibre pullout test 
comprises the extraction of a single fibre, half embedded within a matrix, under an 
axial tensile load. Analysis is usually divided into two distinct parts; the first 
corresponds to the point of de-bonding and the second to the subsequent frictional 
sliding process. Friction at the fibre-matrix interface is due to the compressive 
pressure, of the matrix, exerted on the fibre. This compressive stress is normally 
partially offset by a Poisson effect (shrinkage), during pulling, as the axial stress in 
the fibre causes it to contract more than the surrounding matrix. In MMC's, where 
hard and brittle fibre were used, the Poisson effect is negligible and could be ignored. 
In this study, the Poisson effect may be relatively high, due to the ductility of SMA 
fibre and the effect of phase transformation, during the UC process. 
In this work, two approaches for specimen preparation were considered. The first 
approach prepared specimens by embedding a 5 mm length of SMA fibre, within the 
upper and lower matrices. As Figure 5.2 shows, specimens were 50 mm in length, 25 
mm in width and 400 JLm in thickness. Each specimen was mounted in a universal 
tensile test machine, with the free end of the fibre loaded at a strain rate of 0.5 
mmlmin to capture any small changes in pullout loads when de-bonding took place. 
Pullout load was recorded against displacement throughout the test until a full 
extraction occurred. 
- 111 -
Figure 5.2 
I 
SMA fibre-end 
Consolidated 
area 
1 
Specimen preparation and test geometry of fibre pullout in the first 
approach 
Due to large variability expected from this approach, a second method was also 
identified. The SMA fibre was positioned across the aluminium foil, as shown in 
Figure 5.3, and ultrasonic consolidated. The specimen was then placed in a purpose-
made bracket, to hold each specimen on the tensile test machine. Tensile loading was 
applied to the long fibre end (marked as 'L' in Figure 5.3(a». A 5 mm embedded 
length was used because this was the minimum length of consolidation for the VC 
machine (i.e. the minimum gap between the two sensors on the apparatus). Similar to 
the first approach, the specimen was loaded at a strain rate of 0.5 mmlmin for a 
distance of 3 mm. Specimens were then cross-sectioned and analysed using 
microstructural observations for fibre condition which were related to the shape 
memory effect. 
Fibre pullout was performed using a Lloyd Instrument (Model LRX) testing machine 
with computer control and equipped with a 1 kN load cell. For each approach, five 
specimens were produced, for each combination of process parameters considered, by 
embedding a single fibre between matrices and consolidating the specimen along the 
fibre length, using full loading and partial loading strategies. The 'no load' 
- 112-
embedding method was not considered in this study, as it required an extra step to 
create channels/grooves which would have affected the outcome. 
5 mrr 
5 mrr 
T 
30 mrr 
SMA 
1 Fibre L 
(a) Pullout test specimen 
Bracket 
Specimen 
(shaded; 
Fibre passed 
through an 
opening on the 
bracket 
(b) Specimen held in the bracket 
(c) Fibre pullout test set-up 
Figure 5.3 Fibre pullout test specimens and test geometry used in the second 
approach. 
5.3.1.3 'Thermo-mechanical Response 
To assess whether an active response, in SMA fibre embedded specimens, could be 
measured, a macroscopic thermo-mechanical test method was formulated to induce 
changes in the thermal expansion rate of prepared specimens. In monolithic 
aluminium alloys, the material will expand, when heated, whereas embedded SMA 
fibre specimens, within an aluminium matrix, may experience a measurable 
compressive force, at the point where the phase transformation temperature is 
reached. At temperatures above the martensitic transformation temperature the SMA 
fibre should contract and induce a compressive force to the matrix surrounding it. It 
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was expected to observe a departure from linear thermal expansion rate, when the 
shape memory effect occurred. 
Thermo-mechanical test specimens were prepared in accordance with a tensile test 
standard (BS EN 10002-1:2001), as shown in Figure 4.7. Test specimens were 
embedded with 15 SMA fibres (approximately 5% volume fraction), within the 
matrices, as this was the maximum number of fibres which could be consolidated with 
a single layer and yet produce bonds between the upper and lower matrices, as 
discussed in Chapter 4. In addition, there was no fixture used to anchor the SMA 
fibres, prior to consolidation between matrix foils. As in the fibre pull out test, 
specimens were prepared using both full and partial loadings. Finally, three 
monolithic 'control' specimens were prepared, for comparison of the thermo-
mechanical response. 
A standard tensile testing apparatus, as in the fibre pullout test, was used for mounting 
and applying tension to the specimens. During testing, each specimen was pulled in 
the fibre direction, at room temperature, to a 5% uniaxial elongation (i.e. the gauge 
length elongated by 1.2 mm) to produce a stress biased martensitic microstructure 
(Loughlan, 2002) within the embedded fibres. Each specimen was then heated at 
5°C/min, to 120°C, using Watlow fibreglass-reinforced silicone rubber flexible 
contact heaters. A closed loop system was used, by attaching a K-type thermocouple 
in between the heater and specimen, to monitor the temperature. Stress versus 
temperature was recorded by the computer attached to the tensile test machine. 
5.3.2 Methodology for Embedding Optical Fibres 
Embedding optical fibres is challenging because the fibres may suffer from stresses 
applied during consolidation. In some of the research, reviewed in Chapter 2, the 
optical fibres used were protected with a metal coating to overcome the temperature 
and pressure induced stresses used in embedding processes. However, the use of 
metal coated optical fibres may affect the sensitivity in signal measurements due to 
stiffuess of the additional coating. 
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With optical fibres, the risk of shattering the core and cladding was thought to be high 
and therefore all three embedding methods were considered for the experiments to 
determine the effect of the differing loading regimes on induced fibre stress/strain, 
during consolidation. To assess fibre integrity, a method to record and measure the 
luminosity of transmitted light, through the embedded optical fibre, was developed 
and is described in Section 5.3.2.2. 
5.3.2.1 Microstructural Observation 
As in all experiments conducted for monolithic and SMA embedded specimens, 
validation was conducted through microstructural observation and the same specimen 
preparation method and SEM parameters were applied. In this work, three specimens 
were produced for each combination of process parameters. 
For each of the three embedding methods, optical fibres were prepared using two 
approaches, the first approach produced specimens, using multimode optical fibre 
with the acrylic sheath intact and, for the second approach, the sheath was removed 
prior to consolidation. Removing the acrylic sheath was a viable solution as internal 
reflection is not dependant on the acrylic sheath being intact (the sheath is essentially 
used for handling). Sheath removal was by immersion in acetone for two hours prior 
to manual stripping. The two approaches were intended to produce different 
responses to consolidation. As heat will be generated during ultrasonic oscillations, 
where the acrylic sheath was intact, then temperature sensitivity and risk of melting 
may affect embedding. If melting did occur, then dispersion along the weld interface 
could affect bond quality. Removing the sheath would allow higher temperatures 
during consolidation, with little or no effect on fibre functionality (signal 
transmission). However, the main objective of the experiment was to record whether 
the scrubbing action would shatter or damage embedded fibres along their length, 
particularly where direct (full loading) and tacking (partial loading) strategies were 
employed. 
5.3.2.2 Luminosity 
In health monitoring systems, utilising a variety of optical fibre sensors, signal 
detection is based on the wavelength shift in the sensor (changes in the signal 
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wavelength) and light signal transmission along the optical fibre. Due to the 
constraints of the project, optical fibre measurements devices were not available for 
testing. To overcome this, the experiment considered the integrity of embedded 
multimode optical fibres, based on the amount of light transmitted through the fibre, 
and image luminosity (or brightness) measurements. If cracks or fibre damage were 
present in a specimen then this would affect the luminosity of light leaving the 
specimen. 
Examination of embedded fibres was based on the microstructural analytical 
technique, with each specimen being mounted in a holder before polishing both 
surfaces to 1 p,m finish (for light input and output respectively). A light source was 
generated from a microscope illuminator at a wavelength of 1300 mn (1.3 p,m). 
Polishing the specimens to 1 p,m would be ensure un-impeded light entering and 
leaving the sample through total internal reflection. The microscope illuminator was 
fitted with a 150 W high-intensity halogen EJA lamp leading to a fibre optic light 
wave guide, as shown in Figure 5.4. The fibre optic waveguide (i.e. light source) was 
mounted and abutted to one end ofthe embedded optical fibre, to allow light to travel 
through the embedded multimode fibre. A JVC microscope digital camera was 
mounted to the optical microscope to capture the output light, from the embedded 
fibre, for luminosity measurements. 
Figure 5.4 
Close up view of specimen 
arrangement 
Experiment set-up for light transmission and luminosity measurements 
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Luminosity measurements were based on the brightness (relative lightness or 
darkness) of colours, of an image or a pre-defined area of an image .. For a computer 
display, colour is defined by a standard RGB model, which assigns an intensity value 
to each pixel ranging from ° to 255 for each of the RGB components (red, green and 
blue), in the colour image. When the value of all components, of a pixel, is 255, the 
result is bright white, and when the value is 0, it is black (completely dark). The 
brightness of each pixel, of the image against its intensity, is recorded in a histogram. 
To make the measurements, luminosity values were recorded as a percentage (0 to 
100%) of the light travelling through the fibre with an assumed luminosity of 100% 
for light entering the fibre. By using the brightness control in the imaging software, 
the luminosity of an image could be corrected without changing the contrast or 
exposure of the image. 
In this experiment, the brightness of each captured image was corrected, to 
compensate for aperture correction within the camera system so that luminosity was 
consistent for all measurements. Aperture correction was necessary as the camera had 
automatic brightness compensation, based on the amount of light entering its lens, 
which could not be overridden. Correction was achieved by adjusting the brightness 
of each image so that the luminosity of the base aluminium matrix was the same for 
all images taken. Using the luminosity of the aluminium matrix as a reference 
ensured that the brightness histograms, for each image, were not corrupted by changes 
brought about by aperture compensation (of the digital camera) which would alter the 
luminosity of light leaving an embedded fibre. To establish a base measurement for 
luminosity from the multimode fibres used, light leaving an un-embedded fibre 
(control) was imaged to establish a reference measurement for an un-damaged optical 
fibre. 
To demonstrate how automatic aperture compensation could affect luminosity 
measurements from embedded fibres, Figure 5.5 (a-c) shows the effect when viewing 
three images of a torch light. With the torch switched off (shown in Figure 5.5 (a)), 
the luminosity histograms were recorded for the light source (analogous to the optical 
fibre) and the background (analogous to the aluminium matrix). With the torch 
switched on (shown in Figure 5.5 (b», the histograms, recorded for the light source 
and background, show that the background histogram has shifted to the left (lowered 
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in the brightness from 154.8 (61%) in Figure 5.5 (a) to 124.3 (49%) in Figure 5.5 (b» 
because of aperture compensation within the camera. 
By using the background as a reference, the brightness of the image in Figure 5.5 (b) 
was adjusted (shown in Figure 5.5 (c», using imaging software, so that the 
background luminosity matched the luminosity value in Figure 5.5 (a). Once 
corrected the actual luminosity oflight transmitted through the lens, i.e. 218.9 (86%) 
with compensation rather than 196.3 (77%), could be measured from the histogram 
obtained from light leaving the touch. 
Background luminosity: 124.3 
Background luminosity: 154.3 
(Matching luminosity In (a» 
Figure 5.5 Example showing how aperture was corrected to produce consistency in 
Image exposure 
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Five specimens, for each combination of process parameters, were prepared by 
aligning three fibres between upper and lower matrices and consolidating along the 
fibre length. The range of process parameters chosen was similar to those used to 
embed SMA fibres, which feH within the process window for monolithic aluminium 
aHoy 3003. Because the optical fibres would be sensitive to pressure applied during 
consolidation, a narrower process window was expected, as compared to the process 
window for monolithic consolidation. For the luminosity experiments, an additional 
contact pressure setting of 345 kPa (or clamping force of 36 MPa) was selected, 
which lay weH outside the processing parameters for monolithic tapes, to determine 
the effects of high pressure on fragile fibres during consolidation. 
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Chapter 6 
Results 
6.1 Results from Embedded SMA Fibre 
Specimens 
The feasibility of producing ultrasonically consolidated shape memory alloy (SMA) 
fibres, embedded in aluminium alloy 3003 foils, was investigated to demonstrate the 
capability ofUC to embed active fibres. Although SMA's are considered less rigid or 
flexible than Sigma fibres, in all tests conducted, all the embedding methods 
successfully produced specimens with no evidence of the SMA fibres being defonned 
or damaged under ultrasonic loading. 
6.1.1 Microstructural Observation 
In all the specimens consolidated using both full and 'partial load' strategies, 
complete plastic flow of the matrix, around the fibres, was observed. In all cases, 
intimate contact was observed between the embedded SMA fibres and the bonded 
upper and lower matrices. However, in many specimens, a fine 'unbonded interface' 
was observed between the fibres, after Keller's etching, which separated the upper 
and lower matrices as shown in Figure 6.1. 
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Figure 6.1 Cross-section of specimen consolidated using 276 kPa, 34.5 mmls 
weld speed, and 10.4 p.m amplitude. 
6.1.2 Fibre PulIout test 
As stated in Chapter 5, two approaches to the puIlout test were used, the second being 
derived to overcome expected problems in the first approach. Looking at the data 
from the first approach, large variations were recorded. Figure 6.2 shows the 
variation in the results obtained from specimens prepared using the same process 
parameters. In some specimens, puIlout loads up to 7 N were recorded, and in the 
others, haIf of the pull out loads were measured. Due to the variability in the puIlout 
data, the experiment and method was rejected. 
In the second approach, the results obtained were more consistent and fell within a 
tighter spread of variability, however what was unexpected was that the data indicated 
that resistance to pulling reduced as amplitude increased. During the initial research, 
to characterise monolithic specimens, increases in amplitude produced better bonds 
and a higher resistance to peeling loads, shown as the dotted line in Figure 6.3. This 
was not the case with SMA embedded specimens, where the reverse was found, i.e. 
the resistance to pulling was lowered as amplitude increased. The data in Figure 6.3 
shows that the puIlout loads, obtained from specimens consolidated using 8.4 p.m, 
were approximately four times higher than results obtained from specimens prepared 
at amplitudes of 10.4 and 14.3 p.m. Where a lower amplitude of 8.4 JJ.m was applied, 
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reasonably high pullout forces, approaching UTS of SMA (approximately 11.0 N), 
were measured. 
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The unusual findings, for SMA embedded fibre specimens, were investigated by 
cross-section and microscopic examination from which the solution was identified. 
Figure 6.4 (a-c) show cross-sections of fibre pullout specimens, after fibres were 
pulled, produced using amplitudes of 8.4, 10.4 and 14.3 p.m, respectively. Where a 
low amplitude (8.4 p.m) was used, close contact at the fibre-matrix interface was 
observed. Where higher amplitudes (10.4 and 14.3 p.m) were used, a gap was visible 
between the matrix and the embedded fibre. The outcomes were expected to relate to 
the shape memory effect, which was a temperature dependant mechanism. To 
validate the shape memory effect, temperatures generated during welding were 
measured, as given in Figure 6.5. Measurements were produced by embedding a K-
type thermocouple within the aluminium matrix, using the same procedure used for 
consolidating SMA fibre embedded specimens (temperatures were measured as the 
sonotrode passed over the embedded thermocouple). The maximum temperature 
generated, during the UC process, was measured at approximately 140°C. 
50 p.m 
Figure 6.4 Interface characteristics of embedded SMA fibre in aluminium alloy 3003 
matrix at amplitudes of (a) 8.4, (b) 10.4 and (c) 14.3 p.m, respectively. 
- 123-
(,) 
• 
f€ 
:::J 
.. 
f! 
Cl) 
Co 
E 
Cl) 
I-
Figure 6.5 
160 
140 
120 1:1 
A 
100 
liI 
80 
0 Cl 
60 
40 A 138kPa. 34.5rrrr1s i-
20 ll] 276kPa. 34.5rrrr1s i--
0 
6 8 10 12 14 16 
Amplitude, J.IITl 
Temperature generated at weld interface as a function of ultrasonic 
amplitude 
6.1.3 Thermo-mechanical Response Analysis 
Two sets of experiments were conducted to assess thermo-mechanical response, using 
'fullload' and 'partia1load' embedding methods. Where a 'fullload' was attempted, 
at amplitudes less than 10.4 /lm and contact pressures less than 241 kPa, it proved 
difficult to pack SMA fibres to fibre volume fractions at 5%, within a single layer. 
Where 'partial loads ' were attempted, similar results were observed, where specimens 
were produced at amplitude 2:10.4 /lm and contact pressure :::241 kPa, using a weld 
speed of34.5 mmls. 
For specimens embedded under 'fullload' conditions, Figure 6.6 shows the results for 
a combination of process parameters against a monolithic tape 'control' specimen. A 
thermo-mechanical response was observed at the point where specimens were heated 
to 70°C, relative to the control. As the temperature rose beyond the martensitic 
transformation temperature of the SMA, these specimens exhibited a slower thermal 
expansion rate of -0.32 MPa/°C, compared to the control's -0.38 MPa/°C (indicated 
as dotted line in Figure 6.6). Figure 6.7 shows the thermo-mechanical response data 
for 'partial load' specimens against the 'control' (indicated as dotted line). For these 
specimens, a more consistent thermal expansion rate of -0.31 MPa/°C was obtained. 
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6.2 Results from Optical Fibre Embedded 
Specimens 
Based on the optical fibre embedding methodology, defined in Chapter 5, excellent 
fibre integrity resulted, during UC processing, even though the experiments were not 
able to distinguish the extent of fibre damage or where damage occurred. Based on 
observations made and data obtained, it was possible to indicate a general process 
window for embedding optical fibres in aluminium alloy 3003 foils which could and 
will be extended for embedded optical fibre measurement devices. 
6.2.1 Microstructural Observation 
The first set of experiments involved embedding, using the three embedding methods, 
with the acrylic sheath intact. As was demonstrated in Section 6.1.2, surface friction 
and bulk defonnation mechanisms elevate the temperature, at the weld interface, to 
temperatures between 60 and 140°C. Where specimens were prepared under 'full' 
and 'partial load' conditions, with the acrylic sheath intact, then the heat generated 
was sufficient to soften or partially melt the acrylic sheath. In addition, the acrylic 
sheath was dispersed along the weld interface, during consolidation, as shown in 
Figure 6.8 (a) and (b), respectively. Figure 6.8 (c) shows that where specimens were 
embedded under 'no load' conditions, with the acrylic sheath intact, then the polymer 
coating was merely defonned and did not disperse. The light and grey areas, visible 
on the fibres in the images, were due to the 'charging effect' which occurred as 
electrons struck the non-conductive surface of the specimens during SEM scanning. 
Where the acrylic sheath was removed, prior to consolidation, the matrix was found to 
flow around and encapsulate the optical fibres for all combinations of process 
parameters. Figure 6.9 (a - c) show the resultant specimens consolidated using 'full 
load', 'partial load' and 'no load' embedding methods. In all specimens, with the 
acrylic sheath prior removed, the optical fibres did not show any failure in the cross-
sections taken. 
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Figure 6.8 Acrylic sheath melted and dispersed along the weld interface, in 
specimens embedded using (a) 'full load' and (b) 'partial load'. (c) acrylic sheath 
deformed, when prepared using 'no load'. 
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Figure 6.9 Specimens consolidated under (a) 'fun load' and (b) 'partia1load' 
shows no difference when cross-sectioned. Specimen in (c) prepared using no 'load', 
where dotted line shows the initial groove and weld interface of the prepared matrices. 
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6.2.2 Luminosity Responses 
During the luminosity experiments, three failure modes were observed, from the 
specimens examined: 
i. No fibre damage; where luminosity, from the embedded fibre, approached the 
'control' luminosity, as shown in Figure 6.10 (a), allowing light to pass through 
the fibre un-hindered (see Figure 6.10 (b». 
ii. Partial damage; where luminosity, from the embedded fibres, was diminished by 
approximately 20-30%, with respect to the control, indicating small cracks and 
damage was produced, during UC, along the optical fibres (see Figure 6.10 (c». 
iii. Complete failure; where little or no light was transmitted through the fibre due to 
a crack in the fibre within the specimen (see Figure 6.10 (d». 
Figure 6.10 Fibre conditions based on image's luminosity as (a) control (b) no 
crack, (c) partial crack and (d) complete failure, conditions respectively. Insert profile 
showing brightness of fibre core (1) and aluminium matrix (R), respectively, along 
the yellow line. 
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For specimens produced using 'full load' and 'partial load' conditions, then 
measurements ofluminosity were calculated and the average results plotted, as shown 
in Figure 6.11 (a) and (b), respectively. The horizontal dashed line represents the 
luminosity of the 'control' specimen, prepared using bare optical fibre, which 
transmitted 96% of light through the un-embedded fibre, from the light source. In 
Figure 6.11 (a), specimens prepared using 'full load' conditions showed a 
corresponding reduction in transmitted light and hence luminosity, as amplitude and 
contact pressure were increased. However, a similar trend was not seen in Figure 
6.11 (b), where specimens were consolidated under 'partial load' conditions. In the 
latter set of results, the luminosity data were more consistent, but lower, compared to 
the data in (a), except where specimens were produced at 172 kPa, for the range of 
amplitudes used. 
Overall, where low amplitudes (8.4 and 10.4 /Lm) were used, transmitted light from 
the source could pass through the embedded optical fibres, as shown in Figure 6.10 
(b). Where higher amplitudes were used, then fibres were more likely to fail during 
consolidation. For example in Figure 6.10 (c), the optical fibre was partially cracked 
along the fibre length and only partial light was transmitted through the fibre. The 
luminosity, for partially cracked fibres, was approximately 68% to 75% of the 
maximum light which can travel through a un-embedded fibre. 
Deviation in the results varied, depending on the amplitude and contact pressures 
used. The higher the amplitude, and/or contact pressure, the greater the deviation in 
luminosity recorded. Due to the size of the dataset (for a total 240 samples), only a 
representative sample of the data, for specimens prepared at 275 kPa, a weld speed of 
34.5 mmls and over a range of amplitudes, is presented in Figure 6.12. 
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Chapter 7 
Discussion 
7.1 Introduction 
The experimental results, recorded in Chapter 6, showed that SMA fibres and optical 
fibres react differently, during consolidation, because of the physical and mechanical 
properties of these materials. The SMA fibres were ductile and underwent a phase 
transformation, during consolidation, in which the fibres changed their dimension 
relative to the matrix enclosing them. The change in dimension effectively reduced 
the bond strength, at the fibre/matrix interface, when strained. The optical fibres, 
however, were brittle, intolerant to deformation and sensitive to vibration and at high 
amplitUdes (i.e. 14.3 p,m), failure may occur during embedding. 
7.2 Embedding Active SMA Fibres 
For the SMA fibres embedded within aluminium matrices, complete plastic flow was 
induced in the aluminium matrix, which produced good contact at the fibre-matrix 
interface. However, within these specimens a fine un-bonded interface, similar to the 
flow lines observed in metal casting processes, was observed (see Figure 7.1). 
One hypothesis put forward was that the flexible and high damping capacity of SMA 
fibres may have absorbed ultrasonic energy/vibration, within the fibre during 
consolidation, which led to a reduction in bond efficiency. SMA fibres may require 
higher contact pressures to produce full consolidation, but this has to be balanced with 
potential fibre deformation. Another solution would be to replace the age-hardened 
3003 (3003-HI8) foil with an annealed grade counterpart, where the softer alloy may 
enhance the plastic flow of matrix, during consolidation. Alternatively, the 
aluminium 3003 could be replaced with other heat-treatable alloys, so that the 
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composite specimen can be post-processed (heat-treated) to achieve full bonding. 
However, heat-treatment, at elevated temperatures, could arrest the phase 
transformation properties of the SMA, as mentioned in Chapter 2. 
Figure 7.1 Interface between upper and lower matrices. Keller's etched 
7.2.1 Variability in Fibre Pullout Results 
In practice, the fibre pullout test was prone to inconsistencies, which stemmed from 
the method of specimen preparation. Large variability in the pullout data was evident 
in specimens produced in the first approach of the pull out test. In the specimens 
produced, variability in the pullout test and failure modes could be classified into: 
1. The 'fibre-end' effect (see Figure 7.2) - Where ductile SMA fibres were 
considered, the cut edge of the fibre end was either deformed or sharpened. This 
tended to increase the pullout load, if the fibre-end was flattened or deformed. 
Whereas, if a sharp or cone-shaped edge was formed, at the fibre-end, then a 
lower resistance to pullout resulted. 
2. The 'off-axis' fibre - Where the specimen did not align parallel to the direction of 
pulling, there was greater friction between the fibre and the matrix encapsulating 
it which resulted in higher pullout loads being recorded. 
3. Inconsistencies in embedded length - Manual fibre alignment could not guarantee 
consistency in the embedded length of the fibre within the matrix specimen. As 
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the pullout load was dependent on the embedded length of the fibre, variations in 
the embedded length produced differences in resistance to pullout, even where 
bonding conditions were identical in the specimens tested. 
Ideal fibre-end 
Specimen 
i' Flattened fibre-
end - tends to 
increase 
/' pullout.load 
!1! 
~, t; 
Specimen 
::.: 
sharpened 
fibre-end -
tends to reduce 
pullout load 
Specimen 
Figure 7.2 Fibre-end effect produced inconsistent pullout results 
In the second approach, both the geometry of the specimen and the use of a jig and 
bracket reduced the effect of the failure modes mentioned above. The 'fibre end 
effect' was overcome by ensuring that the embedded fibre extended through the 
consolidated foil specimen (marked as the short fibre-end 's' in Figure 7.3 (b)). 
Comparing this to the first approach, at no point was an embedded fibre and foil 
specimen trimmed which, in the first approach, resulted in a mechanical 'crimping' of 
the fibre-end to the foil and prevented accurate pull-out. Secondly, as the jig and 
bracket could rotate freely within the testing machine, the fibre was always aligned in 
the pulling direction, which eliminated any 'off axis' issues. Finally, the length of 
fibre, embedded within the aluminium matrix section, was more controllable so that a 
consistent consolidation distance of 5 mm could be maintained using the start and end 
sensors on the traverse distance of the sonotrode along the work-piece. 
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Figure 7.3 Comparison between specimens used in the fIrst and second approach 
of fIbre pullout test 
Though the outcomes, from the specimens produced in the second approach, were 
more consistent, where high amplitude and high contact pressure parameters were 
used,the results indicated poor resistance to fIbre pullout. To explain this 
phenomenon it was necessary to understand the mechanism associated with the shape 
memory effect. As SMA fIbres are heated above their martensitic transformation 
temperature (> 70°C), the fIbres contract in length and instantaneously expand in 
circumference, due to Poisson's ratio (i.e. the material retained a constant volume). 
Increases in fIbre diameter effectively enlarged the 'space' enclosing each fIbre, 
within the aluminium matrix. After UC processing, the SMA fIbre's austenite crystal 
structure was retained but, during the pull out test, the SMA fIbre was strained and 
reverted to its martensitic state (see SMA phase transformation sequence in Figure 
2.5). The subsequent reduction in fibre diameter forced a gap to appear between the 
fIbre and the matrix material, leading to a low resistance to pull out. 
Conversely, at low amplitudes (i.e. 8.4 J.UIl), SMA fIbres did not expand in diameter 
or contract in length during consolidation, due to the low temperatures (<70°C) 
generated within the structure. In this scenario, the compressive force from the matrix 
holds the fIbre during loading and results in higher resistance to pullout. When the 
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pullout loads exceeded the fibre UTS, then failure was more likely to occur in the 
SMA fibre than the fibre-matrix interface. 
Because of the shape memory effect and Poisson's ratio, there was no initial peak 
force (Le. de-bonding) observed in most of the specimens, as would normally be 
expected in a standard fibre pullout test. This was not necessarily an indication that 
no chemical bonds, or atomic diffusion, took place at the interface. Bonds, at the 
fibre-matrix interface, may equally have broken down because of shape memory 
effect (changes in fibre diameter). In order to produce good fibre-matrix interfacial 
bonds and achieve higher fibre pullout loads, when higher amplitude were used, it 
was necessary to hold the pre-strained SMA fibres within fixed boundary constraints, 
as shown in Figure 7.4. Fixed boundary constraints are normally used in polymer 
matrix composites, to avoid phase transformation to take place in the SMA fibre, Le. 
contraction in fibre length and expansion in fibre diameter, during processing. By 
eliminating expansion in the fibre diameter, during consolidation, the matrix will 
deform around the fibre in its smaller diameter, so that during pullout or actuation, no 
Poisson's shrinkage will be produced in the SMA fibre. 
Figure 7.4 
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7.2.2 Thermo-mechanical Response 
Overall, changes to the embedding method and process parameters did not produce 
any significant influence in the thenno-mechanical response and specimens prepared 
using different combinations of process parameters produced similar thenno-
mechanical responses. As mentioned. in the preceding section, to achieve higher 
thenno-mechanical responses, SMA fibres may need to secured fully within fixed 
boundary constraints to improve fibre-matrix interfacial bonding. 
In a report presented by Amstrong et al (1998), a positive thermal expansion rate and 
contraction in a composite specimen was observed when heating embedded 
specimens above their phase transfonnation temperature. Specimens, embedded with 
22.9% volume fraction of SMA fibres in aluminium 6082 matrix, were produced 
using a vacuum hot pressing process, at 550·C for several minutes, and then T6 aged 
at 175·C for 8 hours. 
In this study, although the embedded SMA fibres reduced the thermal expansion rate 
of the specimen, the improvement was small and a negative thermal expansion rate (-
0.31 MPa/"C) was obtained. This may have been due to two factors: 
1. The lower fibre volume fraction used, which limited the recovery forces generated 
by the SMA fibres when activated at 70·C. In UC, increases in fibre volume 
fraction are possible by using multiple alternating layers of SMA fibres and foil 
matrices or by increasing the amount of embedded fibres in a single layer. TIlls 
will be detailed in Section 8.2. 
2. The poor thermo-mechanical response was caused by low fibre-matrix interfacial 
bonding, as indicated in the pullout test specimens. Where UC methods are used 
then fixed boundary constraints, for SMA fibres, are probably required to 
minimise the shape memory effect. 
7.2.3 General Process Window for Embedding SMA 
Fibres 
A precise process window for embedding SMA fibres in aluminium alloy 3003 could 
not be derived by combining the dataset from the fibre pullout test and thermo-
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mechanical tests, due to the poor fibre-matrix interfacial bonding obtained. A more 
representative process window can only be derived when the shape memory effect is 
overcome and a good thermo-mechanical response (minimised thermal expansion 
rate) is obtained. 
For the current study, a general process window was therefore derived from the 
capability of the UC process to produce bulk specimens with 5% SMA fibres packed 
within the aluminium matrices. The optimum combination of process parameters, 
considered in the experiments, as shown in Figure 7.5, lay within; 
1. Amplitude from 10.4 to 14.3 JLm (50 - 90%). 
2. Contact Pressure of24l and 276 kPa (34 - 40 psi). 
3. Weld speed of approximately 34.5 mmls. 
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Figure 7.5 General process window for SMA fibres embedded aluminium alloy 
As compared to process window of monolithic. specimens, the SMA consolidated 
specimens produced a narrower process window, with higher contact pressures 
required for successful bonding. This was because the embedded fibres act as 
obstacles to plastic flow in the matrix, where more energy is required. The process 
window may be extended by using higher contact pressures and slower weld speeds. 
On the other hand, the process window may be altered with the use of alternative 
embedding approaches. 
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7.3 Embedding Passive Optical Fibres 
As optical FBG and EPFI sensors fell outside the remit of the current research, 
standard multimode optical fibres were embedded and tested for the transmission of 
an uninterrupted light signal. For embedded optical fibre specimens, fibre-matrix 
interfacial bonding is not critical, as long as there is physical contact between the fibre 
and the matrix to allow the sensing or measuring of changes in the state of the 
structure. 
7.3.1 Effect of Loading Regimes and Process Parameters 
on Fibre Integrity 
In the luminosity experiment, the approach successfully produced a quantitative 
output in terms of the brightness of light recorded leaving a specimen. In addition, 
the approach was sufficient to determine the state of embedded optical fibres and 
derive a general process window to indicate the threshold, of process parameter 
combinations, above which optical fibres may fail. 
For this experiment, the results showed no significant difference, in fibre integrity, in 
the specimens produced at 'full load' and 'partial load' . It was initially thought that 
using 'full load' consolidation would damage the optical fibres as the load would be 
applied directly to the optical fibres prior to matrix flow. However, the opposite was 
observed, with many specimens showing partial damage, under the 'partial load' 
condition. In this scenario, it may have been possible that fibres were more likely to 
fail after repeated loading. Where the 'no load' method was used, for embedding 
fibres, all specimens indicated no fibre damage, with luminosity measurements 
approaching the control specimen, ranging between 83% and 96%. 
In a similar way to the welding of monolithic foils, it was amplitude which played an 
important role in inducing matrix flow, in the embedding process. At higher 
amplitudes, more energy was absorbed into the dislocations, within the matrix, which 
reduced the force required to deform the upper matrix around the fibres, as well as 
forging fibres into the lower matrix. Where the high amplitude (14.3 I'm) setting was 
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used, then excessive vibration led to fibre failure. As mentioned in the initial trials, 
the contact pressure was necessary to ensure the upper and lower matrices moved 
close enough to each other during each cycle of ultrasonic oscillation. Where 
specimens were consolidated at 345 kPa, which fell outside the process window for 
monolithic specimens, the majority of fibres were damaged within the matrix, due to 
high compressive forces. 
7.3.2 General Process Window for Embedding Optical 
Fibres 
Where high amplitude (14.3 !lm) and high contact pressure (345 kPa) were used, 
ultrasonic consolidation may result in excessive vibration and/or compressive forces 
being applied to optical fibres resulting in fibre failure within the aluminium matrix. 
Similarly, for specimens produced using low contact pressures (:5174 kPa) and low 
amplitude (8.4 !lm) then effective encapsulation and metallurgical bonds, at the weld 
interface, were not recorded. 
Based on the results generated from the transmission of light, the results from 
specimens, prepared using the 'full load' embedding method, produced 'no damage' 
(luminosity >80%) to the embedded optical fibres. Using the data generated for each 
of the combination of process parameters, it was possible to generate a general 
process window for 100 !lm multimode optical fibre in aluminium 3003 matrix. 
Figure 7.6 shows the general process window which lay within the process 
parameters: 
1. Amplitude from 10.4 to 12.3 !lm (50 -70%). 
2. Contact Pressure within 207 and 276 kPa (30 - 40 psi). 
3. Weld speed approximately 34.S nun/s. 
The general process window is only applicable when the fibre volume fraction is very 
low (for example, 3 fibres used in this experiment), which is ideal for many optical 
fibre sensor embedded applications. By comparing the general process window for 
optical fibre embedding, in Figure 7.6, with the process window of monolithic 
aluminium 3003, then embedding was limited to maximum amplitude of 12.4 !lm. 
Though higher amplitudes are useful in breaking up and dispersing the oxide film, in 
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the case of monolithic specimens, the excessive vibrations led to failure in fragile 
optical fibres. 
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8 
Conclusions and Further Research 
8.1 Conclusions 
The research is currently of importance to military and aerospace applications, with 
the search for low cost and low impact methods for embedding active/passive fibre 
components within 3D structures. Of key importance is that current embedding 
techniques, for active, passive and adaptive embedded structures, only consider 
polymer based matrix systems. The research, presented in this thesis, demonstrates a 
method for achieving the same within metal systems. The method has been shown to 
be effective at preserving the sensitive nature of functional elements and, more 
importantly, can embed sensitive elements rapidly, with little or no preparation and 
requiring no controlled enviromnents. In addition, the research lays down the initial 
investigative principles for the Ultrasonic Consolidation technology for which 
extensive publications have been produced to date. 
8.1.1 Welding of Monolithic Structures 
In the initial research, monolithic age-hardened aluminium 3003 and high 
performance annealed aluminium 6061 were characterised when bonded using the UC 
process. The work resulted in the identification of an optimised process window for 
the two materials with the general process window for 100 /lm thick age-hardened 
aluminium alloy 3003 and annealed 6061 lying within 172-276 kPa contact pressure, 
8.4-14.3 /lm amplitude oscillation displacement and 34.5 mm/s weld speed. 
Of the three process parameters, increasing amplitude had a greatest effect on weld 
strength and weld quality of the bonded area. Methods for measuring weld quality 
were developed based on the unique requirements of the process, which resulted in a 
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modified peel test method and a method for measuring the statistical proportion of 
points, within the weld interface, where atomic diffusion had or had not occurred 
known as the Linear Weld Density or L WD. 
By testing and microscopic examination of welded specimens, it was shown that the 
combination of amplitude displacement and contact pressures creates dynamic 
interfacial stresses, at the faying faces, leading to friction and plastic deformation at 
the mating faces of the work-pieces. Oxides on the foil surfaces break up and form 
'contact points' (areas where asperities merge to form atomic diffusion) which initiate 
and grow to define metallic bonds and the diffusion process. As oscillation/vibration 
continues, oxides are interrupted within the weld interface and dispersed at higher 
amplitudes (12.3-14.3 p.m) to give higher LWD and weld strength measurements. 
Where monolithic aluminium alloy 3003 specimens were produced, with no surface 
preparation, then high resistance to peeling loads and high L WD measurements were 
recorded at higher amplitude settings. However, this was not the case for the 
aluminium alloy 6061 specimens. Where no surface preparation was applied to the 
foils, then no atomic diffusion or 'contact points' were observed between the foils. 
Examination showed that this was due to a tenacious magnesium oxide (MgO) layer, 
on the surface of the foils, which was both friable and powdery resulting in the faying 
faces slipping over each other without the scrubbing action which is required to break 
up the oxide film. A similar effect is expected in other magnesium-rich aluminium 
alloys, such as aluminium alloys 2024 (1.5wt% Mg), 5052 (2.5wt% Mg) and 7075 
(2.5wt% Mg). Where 6061 foils were cleaned prior to welding, metallurgical bonds 
were produced with a LWD of 45% being recorded. The 6061 specimens produced 
lower weld strengths, as compared to 3003 specimens, because the 6061 foil was in its 
annealed condition, which possesses lower yield strength, and produced lower LWD 
measurements, due to inconsistencies in the manual cleaning process. 
Both the microstructural analysis and the peel test methods were found to be effective 
at giving an indication of bond effectiveness. The results from both experiments were 
combined to formulate a model for weld strength to determine and predict specific 
characteristics of the VC process which results in increases in weld strength beyond 
the strength of the base metal. In VC, where strain hardening and acoustic hardening 
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occur at the weld interface, the strength of the bonds may be greater than the base 
metal. The identification of a weld strength model will help to control the mechanical 
properties when fabricating components and has been fed into further simulation 
experiments for fabricating fibre embedded composite specimens beyond this 
research. 
8.1.2 Exploiting the Volume Effect 
Initial characterising of aluminium alloy foils, for the UC process, allowed the 
research to be extended to the second stage which was to demonstrate the fabrication 
of continuous fibre-reinforced aluminium matrix composites, by consolidating Sigma 
silicon carbide fibres within aluminium 3003 foils. The feasibility study was 
designed to explore whether sufficient plastic flow could be induced in the aluminium 
matrices foils to, not only, bond the matrices but, also, to make intimate contact with 
the fibres which ran through the specimens. 
Successful fibre consolidation lies in exploiting the volume effect, i.e. how plastic 
flow in the aluminium foils occurs, under ultrasonic oscillations. In UC, the 
ultrasonic energy delivered to the material interacted with dislocations, within the 
matrix material, and induced large amounts of dislocation movement to overcome 
resistance to deformation. This was achieved through an 'acoustic softening' 
mechanism which induced matrix plastic deformation in a similar way to matrix flow 
in conventional fusion based embedding processes, such as hot pressing. From the 
experiments, two fundamental differences were found which distinguish the UC 
process from fusion processes. The first was that only 25% of the heat of fusion (i.e. 
-140°C) was generated within the matrix material, and second, the process used 
approximately 5% of the pressure (less than 30 MPa) typically required in hot 
pressing techniques. 
Based on the uncertainty of fibre integrity during the ultrasonic loading regime, three 
embedding methods were identified for investigation. These were 'fun load' , 'partial 
load' and 'no load' methods. The 'full load' method was demonstrated as a simple, 
yet effective, method for producing fibre embedded specimens, by consolidating the 
work-pieces, with fibres placed in between, using full ultrasonic loadings. The 
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'partial load' embedding method used a two-stage loading procedure, which first 
tacked the fibres between the two work~piece foils, using low amplitude and low 
contact pressure, to reduce any possible damage to the fibre, before secondary loading 
using full ultrasonic loading. This approach, which was developed to preserve the 
integrity of fragile and pressure sensitive fibres, tended to fail the embedded fibre 
under repeated loading. For the 'no load' method, a channel was cut into the matrix 
foils in which the embedding fibre was laid. This would effective minimise 
oscillation loads on the fibres to achieve embedding. Though the approach was 
perceived to be counter productive to a 'rapid' embedding technique, it did hold up as 
a method for ensuring that fibres are positioned accurately, in pre-defIned tracks, 
within a 3D metal matrix structure prior to consolidation. This method also 
demonstrated minimum fibre damage in this application. 
Based partly on the current investigation, the development of the testing methods and 
the model for weld strength, UC is now being exploited, as a metal matrix composite 
(MMC) fabrication process, through joint funded research between Loughborough 
University, Sheffield University, Solidica, Inc. and the US Department of Defence 
(ERO). 
8.1.3 Embedding Active/Passive Fibres in Aluminium 
Matrices 
To investigate the full potential of the UC process, the research was able to move 
beyond UC as a continuous fibre MMC process, towards the fundamental exploration 
of the process for producing adaptive metal structures. The main objective, for this 
third stage of the current research, was to explore the UC mechanisms of embedding 
functional elements within aluminium matrix material. The investigation began by 
selecting suitable candidate fibre elements, which SMA fibre, representing an active 
fibre, and optical fibre, representing a passive fibre, were used. 
The identification of the volume effect, by ultrasonic oscillation, represented an 
exciting opportunity to develop a low cost technique for embedding active/passive 
fibres for the production of adaptive structures. For this research, both temperature 
sensitive SMA fibres and the fracture intolerant optical fibres were successfully 
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embedded with complete matrix flow around the fibres, without visible deformation 
or damage to the fibres, where process parameters fell within the respective process 
windows, derived for this study. 
In specimens, embedded with SMA fibres, an un-bonded line was visible between the 
upper and lower matrices. SMA is well-known for active vibration control, due to its 
high damping capacity, and it was this mechanism which may explain how the fibres 
absorbed vibrational energy, during ultrasonic oscillations. Higher ultrasonic energy 
is therefore required to achieve full consolidation of the matrix beyond merely 
embedding. Though un-bonded interfaces were found in areas between fibres, the 
experiment for thermal mechanical response was investigated and showed a departure 
from linear thermal expansion rate as the specimens were heated above the fibre's 
phase transformation temperature, during loading. Further research, is required, to 
increase fibre volume fractions and improve the thermal mechanical response of 
embedded SMA fibre matrix structures. 
The testing of specimens, embedded with multimode optical fibres, were performed 
using two approaches. The first approach produced specimens, using multimode 
optical fibre with the acrylic sheath intact and, for the second approach, the sheath 
was removed prior to consolidation. Full consolidation was achieved in the latter 
approach. In contrast, the first approach resulted in the acrylic sheath being partially 
melted and dispersed along the weld interface, which tended to reduce bond 
effectiveness. Where the second approach was used to produce specimens, the 
integrity of embedded optical fibres were tested by measuring the transmission of a 
known light intensity, through the embedded fibre. The results from this test method 
led to a general process window which lay between 8.4 and 12.3 p,m amplitude, 207 
to 276 kPa contact pressure and a weld speed of 34.5 mm/s, using the 'full load' 
embedding method. 
Despite the success in embedding pressure and/or temperature sensitive fibres into 
metals, many issues still require further investigation and exploration. 
- 147-
8.2 Further Research 
During the course of this research, more than 15 further areas of research were 
identified and in some cases have already been extended into further research. The 
eight most promising areas are discussed in the following sub-sections, which are 
classified into Materials Research and Process Development Research. 
8.2.1 Materials Research 
I. At the outset of the research, the initial direction was driven by an underlying 
interest in the application of the VC process for aerospace applications, and this 
research is being investigated further for to fully characterise aluminiiun 2024, 
7075 and titanium Ti-6AI-4V. These materials are the most commonly used 
materials in the aerospace industry and the identification of the process windows 
for these materials will enable further applications of the VC technology in terms 
of metal prototyping, direct metal components, MMC fabrication and for 
cladding/skinning processes which will be detailed in the next section. 
2. A second area of research is an extension to the current research to fabricate 
embedded SMA fibre specimens with the use of fixed SMA boundary constraints, 
during consolidation, to minimise changes in fibre dimension and therefore 
improve fibre-matrix interfacial bonding. A rigid, solid, frame may be required to 
hold/anchor the SMA fibres, in its pre-strained condition, prior to consolidation. 
Fibre pullout and thermo-mechanical tests could be used to identify the actuation 
capability of specimens. 
3. The research demonstrated the capability of the VC to embed fragile optical 
fibres. The same procedure can now be applied for embedding optical fibre 
sensors, such as fibre Bragg grating (FBG) devices, within or on metal structures. 
Since completion of this study, a source of three FBG sensors has been found 
from the VS Office of Naval Research (ONR). The resultant sensor specimens 
can be tested for strain, displacement, pressure sensitivity as well as temperature 
measurements. If successful, the research will be extended for structural health 
monitoring systems, in metal components. 
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4. To date the bulk specimens produced held approximately 5% fibre volume 
fraction within a single layer. For structural reinforcement and for active structure 
control with SMA, then higher volume fractions must be produced to move the 
research towards commercial application. Several solutions exist by which fibres 
could be simultaneously packed or 'tacked' with additional aluminium fibres or 
powders or may be pre-coated with aluminium prior to consolidation (see Figure 
8.1). All these approaches will consolidate fibres in closer proximity by reducing 
the amount of plastic flow required to achieve consolidation. 
Matrix {aluminium; Matrix (aluminium) 
powder coating 
Figure 8.1 Solutions to produce specimens with higher fibre volume fractions. 
5. The research, presented in this thesis, has addressed the fundamental issues 
surrounding the embedding of fibres, which would make up an adaptive structure. 
The natural extension of this work is to embed and characterise both active and 
passive fibres simultaneously embedded within a matrix. This will result in 
testable adaptive composite structures, i.e. measuring an external stimuli and 
responding to modify the structure, within a freeform metal matrix structure. 
Further research is therefore planned to produce closed loop adaptive composite 
structures, using both embedded optical fibre sensors, for structural monitoring, 
and shape memory alloy (SMA) fibres, for actuation. Applications currently 
under consideration include 'wing warping' in un-marmed aerial vehicles, 'active 
vibration control', self-healing structures and re-formable car body panels. 
8.2.2 Process Development 
1. Many of the aerospace grade aluminium alloys to be characterised, such as 2024 
and 7075, contain magnesium as one of the alloying elements. As with the 
background research to characterise monolithic 6061, they possess the problem of 
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a tenacious MgO layer, which will require surface treatment to produce 
metallurgical bonds. Further research will focus on the development of an 
effective cleaning procedure by mechanical, chemical or plasma etching methods, 
so that consistent foils can be obtained. 
2. Extending and predicting the consolidation and embedding characteristics over a 
broad range of materials is critical for the wider uptake of the technology. Based 
on the monolithic work the Engineering and Physical Science Research Council 
(EPSRC) and UK Ministry of Defence (MoD) awarded funds to investigate DC 
induced plastic flow mechanisms of the matrix material. The work will include 
the formulation of a robust model to simulate plastic flow in a range of materials, 
derived from the results in embedding 3003 specimens. Additional validation will 
be performed with aluminium alloy 6061 and titanium alloy to measure rates and 
quantities of flow as well as defining the process parameters and confIrmation 
experiments on matrix and fIbre combinations. 
3. Existing research into lightweight composite core and 'skinned' adaptive 
structures are limited to planar panels of materials over which a skin is bonded, 
using adhesive or via brazing. Aluminium planar and contoured honeycomb 
structures may be 'skinned' directly, using DC for wing structures or may be 
utilised as a cladding technology or winding around mandrels for high 
performance deployable space structures and high performance bikes. Extending 
the skinning and cladding concept further then DC has an application for 
simultaneously embedding continuous passive/active fIbres and sensors, such as 
fIbre optic strain devices, into metal tapes as they are deposited. Figure 8.2 show 
Foster-Miller's Ultrasonic Tape Lamination (UTL) process, which capable of 
producing cured polymer matrix composites containing more than 35 to 40% by 
volume of reinforcing fIbre. A similar process is planned using DC technology 
for the production of metal-matrix composites (see Figure 8.3). 
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Figure 8.2 Ultrasonic Tape Lamination (UTL) process consolidating Kevlar fibre-
epoxy prefonn 
Lower tape 
feed-roll 
Fibre tape 
feed-roll 
Upper tape 
feed-roll 
Primary UC 
sonotrode pair 
Tension rollers Secondary 
UC sonotrode 
Figure 8.3 Concept of contour cladding and skinning process 
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Abstract 
Ultrasonic consolidation (VC) is a freefonn fabrication technique developed for the layered fabrication of metal parts. The process uses a 
high intensity ultrasonic energy source to induce combined static and oscillating shear forces within layers of metal foil to produce solidwstate 
bonds. This paper will consider control parameter optimisation and surface preparation issues. for the production of aluminium alloy 6061 
specimens. It will assess weld quality through both mechanical testing and optical observation. Aluminium 6061 specimens were successfully 
welded by the UC machine using both unprepared and surface prepared foils. In the unprepared specimens, thick oxide films exist along the 
whole specimen length of the weld interface. Results showed that the dynamic interfacial stresses, generated under UC conditions, compact 
the oxide layer to fonn brittle. ceramic bonds at the weld interface. A simple cleaning procedure increased metallurgical bonds, within the 
weld interface, by up to 45%. A general process window was produced for 6061 alloy based on a combination of the peel test data and· 
microstructural analysis. 
Cl 2003 Elsevier RV. An rights reserved. 
Keywords: Ultrasonic consolidation; Oxide films: Solid-state welding; Aluminiwn alloy: Layered manufacturing 
1. Introduction 
Ultrasonic consolidation (UC) is a solid·state fabrication 
process that combines the ultrasonic welding of metal foils 
with layered manufacturing techniques, to build-up a solid 
freefonn object. The basic principle for the UC process and 
conventional ultrasonic seam welding are similar. However. 
the UC process is designed to continuously weld layers of 
metal foil to previously deposited material, during which the 
profile to each layer is created by contour milling, to build.up 
a 3D structure. On the other hand, the conventional seam 
welding machine is generally used to weld two overlapped 
sheets. 
The UC process is proprietary to Solidica Inc. in the 
United States as a 'direct' metal component and tooling so~ 
lution capable of overcoming some of the issues associated 
with laser fusion freefonn techniques. The UC process aims 
to reduce production lead~times and fabrication costs of 
metal components as well as offer the ability to weld a wide 
, Corresponding author. Tel.: +44-1509-227568; 
fax: +44-1509-227549. 
E-mail address:c.kong@lboro.ac.uk (C.Y. Kong). 
0921-5093/$ - see front matter <0 2003 EIsevier RV. All rights reserved. 
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variety of metals [I]. As with ultrasonic welding, most com-
mercially available metal foils, such as aluminium, titanium, 
magnesium, copper and steel can be used in the VC process 
[2,3]. The process can equally be used to weld dissimilar 
metals [4] and materials that would be hazardous in powder 
form, where laser fusion techniques are used (e.g. titanium, 
aluminium and magnesium) and with no requirement for 
inert gas shielding. Ultrasonic oscillatol)' action, at the 
weld interface heats the material to approximately 3(}"50% 
of the melting temperature of the base metal, resulting in 
weld with no melted structure [5]. This solid·state welding 
process leads to a reduction in thermal gradients that can 
cause distortion and embrittlement which are encountered 
in freeform fabrication by laser fusion techniques. 
The overall objective of the research programme is to de~ 
tennine the optimum processing parameters for a series of 
aerospace grade aluminium alloys that could be used with 
the UC process, e.g. 2024, 6061 and 7075 alloys. These 
high perfonnance aluminium alloys have not been fully 
characterised, under ultrasonic welding conditions, for lay-
ered manufacturing applications. This paper discusses ex-
periments to identify the optimum processing parameters for 
aluminium 6061. For the research discussed in this paper. 
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Fig. I. Basic principles of ultrasonic consolidation. 
aluminium 6061 will be characterised, for the process, using 
a combination of physical experiments, whereby the welds 
between the bonded layers were mechanically tested, and 
optical observations of the microstructure to measure the ef· 
fective weld (termed linear weld density in this paper). 
2. Ultrasonic consolidation process 
The UC equipment, used in this work, is derived from a 
modified 3.3 kW seam welding apparatus operated at a con-
stant 20 kHz frequency. Good welds are produced through 
the combination of three process parameters. These are am· 
plitude of oscillation, contact pressure and weld speed. Os· 
ciliation amplitude, for the test apparatus, ranged from 6.5 
to 14.5 IJ.m, and relates to the longitudinal oscillatory move-
ment of the sonotrode which fonns the scrubbing action 
required to produce a weld. In addition, the UC machine 
could apply a normal load (termed contact pressure) rang-
ing from 0 to 690 kPa and a sonotrode traverse speed, across 
the work-piece (termed weld speed), ranging from static to 
77mrnls. 
During the welding process, the sonotrode rotates 
anti-clockwise at a predefined weld speed and, at the same 
time, oscillates transversely to the direction of welding 
(see Fig. I). Contact pressure that applied on the sonotrode 
Table 1 
Composition and mechanical properties of aluminium alloy 6061 foils 
interacts with the oscillating shear forces causes dynamic 
internal stresses at the interface between the two mating 
surfaces. The stresses produce elastic-plastic defonnation 
of surface asperities which breaks up the oxide film, pro-
ducing clean metal surfaces, across which, atomic diffusion 
takes place. Oxide films, broken up by the scrubbing action, 
are displaced in the vicinity of the interface or along the 
weld zone [6]. 
3. Experimental methodology 
This paper will consider the characterisation of annealed 
aluminium 6061 (606 I-TO) foils at lOO fLm thick and 25 mm 
width as this is the standard dimension for foils used in the 
UC process. The 6061 foils used were supplied by the United 
Aluminium Corporation in the United Stated and. Table 1 
lists the composition and mechanical properties of this ma-
terial. To characterise the material for this process, two test 
procedures were camed out, based on the successful charac-
terisation of strain-hardened aluminium 3003 (3003-HI8) in 
previous work [7]. The two tests consisted of a standard peel 
test and microstructural analysis. For both tests, specimens 
were produced using two approaches. The first approach 
produced welded 6061 specimens from untreated foils, i.e. 
there was no surface preparation to the foils prior to weld-
ing, and are referred to in the text as 'unprepared' foils. For 
the second approach, foils were simply cleaned with a de-
greaser (petroleum distillate) and wiped with a clean cotton 
cloth to remove oxides and soils. Specimens produced us-
ing the second approach are referred to as 'prepared' foils 
in this paper. The aim of the second approach was to over-
come the effects of friable oxide films encountered with the 
unprepared foils which will be discussed later in this paper. 
Specimen preparation for both tests was identical. Speci-
mens were produced using contact pressures, ranging from 
138 to 276kPa (20-40 psi), at 35 kPa (5 psi) increments, am-
plitude settings, ranging from 10 to 90%, at 20% increments 
(which reflected the capability of the UC apparatus and 
equated to a sonotrode displacement of 6.8, 8.4, lOA, 12.3 
and 14.3 fLm, respectively) and weld speeds of 27.8, 34.5, 
38.8 and 43.5 mrnIs, which represented a range of speeds 
from slow to fast, based on previous observations. 
3.1. Peel test methodology 
The peel test is nonnally associated with adhesive bond-
ing, and is based on the maximum load a specimen can with-
stand under peeling action. In this research, it was applied to 
detennine the effectiveness of the weld in a UC specimen, 
Composition Tensile strength (MPa) Yield strength (MPa) Elongation at break (%) 
AI-I.OMg-O.6Si-O.7Fe-O.3Cu-O.2Cr-O.ISMn-O.25Zn-O.ISTi 113-117 45-50 10-10.5 
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Fig. 2. Peel test specimen prepamtion and peeling test apparatus. 
based on the average resistance to peeling of the many 'con. 
tact points' that are produced, within the weld interface. 
Within the framework of this research, a contact point is de--
fined as a region, within the weld zone, where full bonding 
was achieved, resulting in atomic diffusion across the inter· 
face. Generally, as the number and size of the contact points 
increases, then a greater resistance to peeling will result. If 
too few contact points exist, within the weld interface, then 
failure occurs, during the application of the peeling load, 
around the contact points. This results in tearing around the 
contact points and the formation of long 'teeth' being ob-
served that are associated with a low resistance to peeling. 
Fig. 2 shows how peel test specimens were prepared by 
first cladding a.single layer of 6061 foil to an aluminium 
1050 supporting plate (28mm wide x 150mm long x 
1.2 mm thick). A second layer of foil was then welded to 
the first, as shown in Fig. 2 (steps 1 and 2). The supporting 
plate was necessary to prevent the specimen from flexing 
when in place on the test equipment. If deflection were to 
Step 1: Welding two layers 
together 
occur in the specimen, during loading, then lower peeling 
loads would result. Fig. 2 (step 3) shows the UC specimen 
in place on the peeling apparatus, which was then attached 
to a standard tensile test machine. Loads were applied to 
the second foil that was free to peel away from the first foil 
and supporting plate. The speed of the pulling grips was 
50 mm/min. All specimens were prepared and tested using 
the same procedure. Up to the point failure occurred, the 
load was recorded and plotted to show how the specimen 
failed. 
3.2. Microstructural analysis methodology 
The microstructural analysis was a qualitative measure· 
ment of the proportion of bonded area within the weld in-
terface. The term 'linear weld density' is used in this paper 
to represent the percentage of bonded area to unbonded area 
along the weld interface. This proportion was obtained by 
taking physical measurements, from micrograph images of 
Face examined Weld direction 
Step 2: Cut-off three specimens. 
Mounting, polishing and etching 
specimens 
Step 3: Analysing under optical microscope and 
taking 10 images from specimen 
Fig. 3. Microstructuml analysis specimen prepamtion. 
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samples taken from weld cross-sections, for each specimen 
produced. The greater the linear weld density the higher the 
proportion of the bonded area within the weld interface and 
higher the number of contact points, resulting in better weld 
strenglh. 
Samples, used for the microstructural analysis, were pre-
pared as shown in Fig. 3. From each of the three welded spec-
imens produced, for each control parameter setting. three 
samples were cut from the beginning, centre and end of the 
weld region. These were mounted, polished and etched with 
Keller's solution, before being examined under a 200x op-
tical microscope. The proportion of the sampled area, com-
pared to the total weld cross-section for each specimen, 
was approximately 13%. Though small, the intention was to 
identify contact point dispersion that should be uniformly 
distributed throughout the weld. 
4. Results 
4.1. Peel test results 
As mentioned previously, two runs were perfonned, us-
ing unprepared and prepared specimens, respectively, based 
on the presence of a thick oxide layer in the weld interface 
which severely affected the results of the first test. For both 
sets of peel test experiments, the modes offailure were iden-
tical and could be grouped into three broad categories. 
(i) A 'clean break': where a clean break resulted at the 
beginning of weld region when a load was applied. In 
these specimens, many contact points exist within the 
weld interface resulting in high resistance to peeling 
(approximately 70N and higher) with little or no tear-
ing being observed. 
(ii) 'Teeth fonnation': where a specimen resisted failure at 
the beginning of the weld region, resulting in tearing 
propagating from the contact points. Specimens that 
failed in this mode had lower peeling loads than those 
which failed with a 'clean break' with long 'teeth' being 
observed. 
(iii) 'Peel-off': where the second foil layer peeled com-
pletely away from the first foil layer. In this failure 
mode, no 'teeth' were observed and low peeling loads 
«45 N) were recorded. 
For the first peel test run, using unprepared specimens, 
all of the three failure modes were observed. Only in a few 
specimens, welded at high contact pressures (241-276kPa), 
low speeds (27.8-34.5 mm1s) and amplitudes ranging from 
10.4 to 14.3 J.'m, did a 'clean break' occur. The majority of 
the unprepared specimens failed through 'teeth fonnation'. 
For most specimens, welded at low contact pressure 
(138-172kPa) and fast weld speed (43.5 or 48.8mmls) 
and at any given amplitude settings, the second foil peeled 
completely away from the first foil. Specimens that resulted 
in 'peel-off' failure were considered unsatisfactory, as they 
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Fig. 4. Peeling loads for unprepared specimens welded for each combi-
nation of process parameters. 
could not be applied to the VC process without delamina-
tion occurring. Fig. 4 shows the peeling loads (resistance to 
peeling) obtained from unprepared specimens. Due to the 
large amount of results obtained from the peel test, only a 
representative sample of data is presented. High resistance 
to peeling was observed in specimens welded at high con-
tact pressures and lower weld speed (or longer weld time). 
However, increases in amplitude did not result in any sig-
nificant improvement in the peeling loads recorded which, 
based on the large deviation in the data of approximately 
±28%, resulted in a relatively flat response. Deviation in 
the results from specimens welded at 241 kPa, 27.8mm1s 
and for each amplitude setting are shown Fig. 4. 
In the second run of the peel test, where specimens 
were prepared, specimens could not be welded at low 
weld speeds and high amplitude settings without premature 
failure oc~urring due to tearing and cracking in the weld. 
Likewise, no welds could be achieved in specimens welded 
using low contact pressures (138 kPa) and high weld speeds 
(43.5 mm1s). In the second run, only two failure modes 
were observed, which were the 'clean break' and the 'teeth 
fonnation' modes of failure, with over 70% of the spec-
imens failing through 'teeth fonnation'. The remaining 
specimens, welded at high contact pressures (241-276kPa), 
showed clean breaks at the beginning of weld zone and 
produced high peeling loads. A low resistance to peeling 
resulted in the specimens produced at contact pressures of 
138 kPa. Fig. 5 shows the results of prepared specimens 
with different weld speeds and contact pressure settings. 
From this figure, it was clear that the average resistance to 
peeling increased with each incremental increase in contact 
pressure and reduction in weld speed, but did not improve 
with higher amplitude settings. The peel test results, from 
the second run, did, however, show a larger deviation than 
the first run, varying from specimen to specimen, by up 
to ±37%, due mainly to inconsistencies in the manual 
cleaning of the 6061 foils. 
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speed. 
In order to identify the effect of surface cleaning, on the 
resistance to peeling in 6061 specimens, the peel test results, 
obtained from the two runs, were compared. The optimum 
resistance to peeling obtained, using the prepared specimens, 
was 71.86N, which was approximately 6-7% higher than 
that produced by the unprepared specimens. Due to the large 
deviation obtained in the peel test results, it was evident that 
at high contact pressures and low weld speed settings the 
optimum resistance to peeling, for unprepared and pre~ared 
specimens, were identical (compare Figs. 4 and 5). This will 
. be expanded upon in Section 5. 
4~2. Microstructural analysis results 
As with the peel test, two microstructural examinations 
were conducted on the unprepared and then the prepared 
specimens, respectively. From the observations made for the 
unprepared specimens, almost all the specimens showed a 
separation along the whole length of the weld interface, in· 
dicating no contact points had fonned. This resulted in a 
very low weld density being measured that approached 0% 
and was an excellent example of how the microstructural 
analysis can pick up shortcomings in the peel test in the VC 
process. In addition, the weld interface, in the unprepared 
specimens, did not show any sign of mechanical bonding or 
folding, but a barrier layer, possibly made up of a mixture 
of the oxide films and other surface contaminants from the 
opposite mating surfaces, that is shown in Fig. 6. EDX anal-
ysis verified that there were high levels of oxide present in 
the interface, which fonned a layer to over 500 nrn thicm'ess 
containing twice as much oxygen as the base metal. . 
Where prepared specimens were used in the second 
run, a maximum linear weld density of 45% was recorded 
where the linear weld density was an average measure-
ment from nine samples (three samples each from three 
welded specimens) for each combination of process vari~ 
abies. Fig. 7 shows the average linear weld density from the 
Fig. 6. 6061 unprepared specimen showing approximately 500nm thick 
oxide barrier layer along the weld interface of (SE M). Insert shows closeup 
of the oxide barrier layer. 
second run with specimens produced at high (241 kPa) and 
low (138 kPa) contact pressures, fast (38.8 mm1s) and slow 
(27.8 mmls) weld speeds and various amplitude settings. A 
summary of the results is shown due to the large quantity of 
data produced. Increasing the amplitude and contact pres-
sure and reducing the weld speed produced a positive effect 
on the linear weld density, with an approximately linear 
response being measured as the amplitude was increased 
from 6.8 to 14.3 I1m. It was found that specimens welded 
at low contact pressures and slow weld speeds (Le. long 
weld times) had similar linear weld densities to specimens 
prepared at high pressure but fast weld speeds. Deviations 
from the average are shown in the curve plotted for speci~ 
mens prepared at 241 kPa contact pressure and 27.8 mm1s 
weld speed. Overall, large deviations, varying from speci-
men to specimen, were recorded. For all welded specimens 
deviations in the linear weld density obtained from th~ 
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Fig. 7. Linear weld density of prepared specimens welded for each 
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beginning, centre and end of the weld zone varied from 
13 to 28%. This is demonstrated in Fig. 8, which shows 
a reasonably constant distribution of linear weld density 
figures from each of the different locations, from where 
samples were taken, in the weld zone. Fig. 8 also validates 
the methodology by which small samples are taken from 
the complete weld zone to assess weld perfonnance. 
Examination and distribution of oxides in the weld zone 
were also made for the prepared specimens to assess the weld 
quality. Fig. 9 shows an SEM micrograph of the interface 
where ther~ is evidence that some oxide film remains at the 
interface to fonn part of the weld zone. The slide shows the 
contact poin~s and the unbonded areas dispersed along the 
weld interface. 
5. Discussion 
One of the advantages ofthe UC process is that aluminium 
foils (typically lxxx and 3xxx grades) can be welded with a 
minimum amount of preparation and even leaving the oxide 
film and surface contaminants in place prior to welding, to 
achieve solid-state bonds. However, the topography of the 
contact surfaces, the nature of the oxide film and the relative 
hardness of the oxide and underlying metal, will dictate the 
extent to which contact points can be initiated and grown 
[2-4,8]. During the annealing treatment that follows cold 
rolling, tenacious oxide :films exist on aluminium 6061 that 
can prevent intimate contact during welding thus prevent. 
ing the diffusion process across the weld interface. For alu-
minium 6061 the oxide layer is made up of predominantly 
aluminium oxide (AI203) and magnesium oxide (MgO), due 
to the presence of magnesiwn as the principle alloying ele.-
ment. The presence ofMgO presents a unique problem to the 
VC process. During the UC process, it is difficult to remove 
the MgO film, due to the nature of this oxide, which tends 
to shear readily, compared to the underlying base metal, re-
sulting in slippage between the two mating surfaces [9]. 
Based on the use of ultrasonics to bond ceramics together 
for the electronics industry there may well be an analogy be-
tween the types of ceramic bond utilised for electronic com-
ponents and the bonds encountered, and the unusual results 
found, in the 6061 specimens. The peel test results showed 
that a very low resistance to peeling was obtained in the 
unprepared specimens which were welded at low (138 tePa) 
contact pressures for any given amplitude setting (see Fig. 4). 
It was postulated that, up to a threshold point, there was in-
sufficient energy to fonn a bond between the oxides present 
on the surfaces of both foils being welded. When higher 
Fig. 9. 6061 prepared specimen showing weld interface with contact points and oxides dispersed along the interface. 
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contact pressures and slower weld speeds were used, then 
more ultrasonic energy was delivered to the weld interface, 
resulting in oxides being compacted to fonn ceramic bonds, 
at the weld interface, giving high resistance to peeling in 
the unprepared specimens even though the microstructural 
analysis clearly showed a clear interface, of oxide, at the 
weld interface and no metallic bonds (approaching 0% lin-
ear weld density). 
An initial assumption was made that the bond mech· 
anism was actually mechanical for the unprepared speci· 
mens, whereby the two surfaces were plastically defonned 
to produce some degrees of mechanical bonding and fold-
ing. However, this argument was rejected, through further 
examination, under high magnification SEM. Fig. 6 shows 
the presence ofa thick layer oxide film (>500nm) along the 
weld interface, with no mechanical interlocking occurring. 
This layer acted as a shield to contact point initiation. As 
mentioned above, no clear explanation exists as to why the 
unprepared specimens resisted high peeling loads, but it was 
hypothesised that the oxide film, under the high dynamic in-
terfacial stresses, had formed brittle bonds within the oxides 
in the foils. This argument, for oxide (ceramic) bonds, is 
supported by Matsuoka [10] where ceramic-to-metal bonds 
have been demonstrated. 
In the peel test where prepared specimens were used, for 
any given amplitude setting, peeling loads increased with 
each increment in contact pressure and reduction in the weld 
speed. The thick and friable MgO film (plus any grease 
contaminant) were removed by a simple cleaning operation, 
leaving a thin, tough A1203, oxide film which breaks up and 
disperses quickly under the action ofUC. Alz03 oxide films 
are quickly broken up, during welding, because of the great 
difference in mechanical properties (predominantly differ· 
ences in hardness) between AI203 and its underlying base 
metal [11]. At higher contact pressures, the two mating sur-
faces approach each other more closely, increasing the Dum· 
ber and size of the contact points. Prolonging the welding 
time, by reducing weld speed, increases the ultrasonic en· 
ergy (for a constant contact pressure and amplitude) deliv-
ered to the work.piece and produces higher strain.hardening 
in the contact points and this is reflected by the fact that, 
on average, peeling loads increased by approximately 20%, 
when speeds were reduced from 43.5 to 27.8mmls. 
Increases in amplitude did not result in any significant im-
provement in overall peeling loads (resistance to peeling) in 
the prepared specimens. Theoretically, the amplitude con· 
troIs the amount of ultrasonic energy per Wlit time (ultra-
sonic power) delivered to the work-piece and, therefore, has 
a direct impact on the strain·hardening effect (cold work· 
ing). Under the influence of ultrasonic energy, dislocations 
move over and along the slip planes allowing the material 
to deform plastically and the contact points to grow. Ther-
mal softening also occurs during welding, due to frictional 
heating at the mating surfaces, which increases the size of 
the contact points. Large contact points have been observed 
under optical microscope. In specimens welded with high 
amplitude (e.g. 14.3 J-Lm), however, welds could be weak-
ened due to excessive strain·hardening and cyclic stressing 
[11], where large contact points were formed, owing to the 
high resistance to sliding. This explains why a specimen 
with a high linear weld density may not necessary have a 
high breaking load response. 
In the unprepared specimens, microscopic examination of 
the weld interface revealed a visible barrier layer along the 
whole length of weld interface, whereas the prepared speci-
mens showed no such layer and produced an average linear 
weld density of 45%. However, when this is related to the 
results obtained from the peel test, then the maximum peel-
ing loads, in both the unprepared and prepared specimens, 
produced at high contact pressures and slow weld speed set-
tings, were similar (compare Figs. 4 and 5). The difference 
between the two was due to the nature of the bond produced 
at the weld interface. For the unprepared specimens, ceramic 
bonds exist between the oxide layer and foils, while in the 
prepared specimens metallic bonds took place at the contact 
points. Brittle ceramic bonds would not be acceptable for 
aerospace applications of this technology and again this en-
dorses the combination of both peel test and microstructural 
analysis. 
Though costly, higher linear weld densities and better 
resistance to peeling would be possible if the aluminium 
6061 foils were either mechanically abraded or chemically 
etched, to remove the oxide films from the foil surfaces prior 
to welding. However, this approach should not be rejected 
where large amounts of material are used and this will be . 
investigated further. 
6. General process window for 6061 alloy under 
UC conditions 
In order to identify a general process window for 6061 
alloy under VC conditions, for the prepared specimens, the 
276 (38.8 mm/s, 10.4 f,lm, 
276 kPa) 
~ 241 
138 
(34.5 mm/so 1 .3f,lm, 
276 kP ) 
(34.5 mm/s, 1 .3 "m, 
207 kP ) 
Fig. 10. General process window for aluminium 6061-TO based on com-
bination of peel test and microstructural data. 
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results from the peel test and microstructural analysis were 
combined. From the peel test data, the results from the pre-
pared specimens that produced a 'clean break' with read-
ings greater than 69 N were used. For the microstructural 
analysis, linear weld densities of 4S ± 5% were used to gen-
erate the data points to create the process window. Fig. 10 
shows the general process window for aluminium 6061-TO, 
using the results from the prepared specimens. The pro-
cess parameters for this window lie within the following 
ranges. 
(i) A contact pressure ranging from 207 to 276 kPa (30 to 
40 psi). 
(ii) Oscillation amplitude ranging from 10.4 to 14.3 Jl.m. 
(iii) Weld speed ranged from 27.8 to 38.8 mm1s. 
7. Conclusions 
(i) When ultrasonically welding 6061 foils friable oxide 
films, of mainly magnesium oxide, exist on the mating 
surfaces. These oxide :films must be removed to pro-
duce metallic bonds. Under the high dynamic interfa-
cial stresses found in UC, oxide films were compacted 
together to fonn ceramic-based bonds at the weld in-
terface. For aluminium 6061, true metallic bonds were 
produced in specimens where the foils had been cleaned 
prior to welding with a simple degreasing and wiping 
operation. 
(ii) Where the UC process is applied to 6061 foils, it is 
possible to have a high linear weld density and low 
peel load response. At high amplitude settings a lin-
ear increase in linear weld density was observed. How-
ever, the inverse was true for the peel test specimens 
produced at high amplitudes, where bonds could be 
weakened due to excessive strain-hardening and cyclic 
stressing of the contact points. This explains why an 
increasing linear weld density still produces a flat re-
sistance to peeling (peeling loads). For this reason the 
combination of the two testing approaches is advisable 
to fully understand the effectiveness of the UC process. 
(iii) The general process window for 100 Jl.m thick alu-
minium 6061-TO foils lies between 207-276kPa 
contact pressure, 10.4-14.3 Jl.m amplitude and 27.8-
38.8 mmls weld speed. 
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Abstract 
In this paper, the ultrasonic consolidation (VC) process is presented for the direct fabrication of monolithic aluminium tooling and 
components. UC is a solid-state process that involves the use of high frequency, low amplitude, mechanical vibrations to bond metal foils 
in a layer-by-Iayer method. The work, described in this paper, centres on the characterisation of aluminium 3003 foils that will be used 
in a freefonn fabrication process with industrial applications. This paper describes the first phase of ongoing research which involves the 
identification of the optimum process parameters when producing multi-layered specimens using VC test apparatus. A general process 
. window for aluminium 3003, welded under UC conditions, is identified, based on the combination of data generated from modified peel 
test and microstructural analysis experiments. 
© 2003 Elsevier B. V. All rights reserved. 
Keywords: Ultrasonic consolidation; Solid-state welding; Layered manufacturing; Freefonn fabrication; Aluminium 
I. Introduction 
Ultrasonic consolidation (VC) is an innovative solid-state 
fabrication process that combines the ultrasonic welding of 
metal foils and layered manufacturing techniques to produce 
solid freefonn objects. The process is capable of fabricat-
ing laminate metal parts by continuously welding foil lay-
ers to previously deposited material, after which, the profile 
of each layer is created by contour milling. DC is a propri-
etary process developed by Solidica, Inc. in the United States 
and is intended as a 'direct' metal component and tooling 
solution capable of overcoming some of the issues associ-
ated with laser fusion freefonn techniques. The objectives of 
the process include the reduction of production lead-times, 
the ability to weld a variety of commercially available ma-
terials and the ability to combine and weld different ma-
terials within the same structure [I]. The key advantages 
of the UC process, over freefonn laser fusion techniques 
are: 
(i) Welds can be produced at half the fusion temperature. 
Heat produced though the action of ultrasonic vibration 
• Corresponding author: Tel.: +44-1509-227568; 
fax: +44-1509-227549. 
E-mail address:c.kong@lboro.ac.uk (C.Y. Kong). 
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is between 30 and 50% of the melting temperature of 
the base metal. This produces a weld with no melted 
structure [2] and reduces thermal gradients that can lead 
to distortion and embrittlement found in laser fusion 
techniques. 
(ii) The process can be used to weld both difficult and 
dissimilar metals and materials (with no inert gas 
shielding) that are hazardous in powder form, where 
laser fusion techniques are used (e.g. Ti, Al and 
Mg). 
(iii) Where a tenacious oxide layer is present, for exam-
ple, on the aluminium 3003 foil, then no preparation 
is required prior to welding. The DC process works by 
breaking up and dispersing the oxides/contaminants to 
form atomic bonds. 
During the welding process, highly localised, oscillating, 
shear forces are generated at the weld interface that break up 
any oxide film and contaminant, on the surface of the foils, 
permitting metal-to-metal contact, as shown in Fig. 1. As a 
load is applied to the weld area, combined static and oscil-
lating shear forces cause dynamic internal stresses, at the in-
terface between the workpieces, that produce elastic-plastic 
defonnation and allow atomic diffusion across the interface 
[3] to take place. Surface films that are broken up may be 
displaced in the vicinity of the interface or may simply be 
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Fig. 1. Schematic diagram of VC process. 
inlerrupled in random areas within the weld zone [4]. Typ-
ically, weld strengths approach the base material strength, 
when butt welded, such that the metal adjacent to the weld 
area wiU break under tensile load in preference to the weld 
[2,5]. 
2. Objectives 
The overall objective of the research programme is to de-
tennine the optimum processing parameters for a series of 
high performance aluminium alloys that could be used with 
the VC process. The materials used in this research include 
slrain-hardened 3003-Hl8 and aerospace grade aluminium 
2024, 6061 and 7075. This paper describes the first phase 
of this experimental work., which was to quantify the pro-
cess variables for aluminium 3003 under VC conditions to 
achieve maximum strength between the welded foil layers. 
The choice of aluminium 3003, as the candidate material, 
was based on its use in existing, commercial, VC systems 
that would allow some fonn of comparison between work 
previously done and this research. 
3. Control parameter definition and specimen 
preparation 
3.1. Defining the control parameters 
There are three control parameters within the VC system: 
amplitude of oscillation, contact pressure and weld speed. 
Successful welding is dependent on the proper setup of the 
three parameters which were: amplitude of oscillation which 
ranged from 6.S to 14.5 f.lm, contact pressure ranging from 
approximately 103-276kPa, and weld speed ranging from 
static to 77 mmls. 
3.2. Specimen preparation 
Specimens were prepared using 25 mm wide and 100 fLm 
thick 3003-H18 foil with no surface treatment. Each spec-
imen was produced using a range of contact pressure set-
tings, from 138 to 276 kPa (2()..40 psi) at 35 kPa (5 psi) in-
crements; a range of amplitude settings, from 10 to 90% at 
20% increments (which reflected the capability of the UC 
apparatus and equaled to a sonotrode displacement of 6.8, 
8.4, 10.4, 12.3 and 14.3 fLm, respectively); and two weld 
speed (traverse speed) settings of34.5 and 43.5 mmls (which 
represented a fast weld speed and slow weld speed based on 
previous observations). Five specimens were produced for 
each combination of parameters and tested, where possible, 
in accordance with International and British Standards. 
4. Identifying a test procedure 
The intention was to subject the specimens to a series 
of tests that would explore the mechanical and physical 
properties of the welds produced for any given combination 
of process variables. By plotting the outcomes against the 
three variables then a general process window for 3003-H\8 
would emerge. 
4.1. Lap-shear test 
No current lap-shear standard exists for foils of 100 fLm. 
However, where possible, BS EN 1465:1995 was followed, 
even though it relates to thicker foils (1.6 ± 0.1 mm). The 
overlap distance was not set but approximated to 10 mm, 
due mainly to minimum weld length restrictions on the test 
apparatus. Specimens were prepared by welding two over-
lapped foils then attaching them to a standard tensile test 
machine. 
From the specimens tested, aU broke within the base metal 
adjacent to the weld. In none of the specimens did breaks 
occur within the weld zone, even where visibly poor welds 
were produced. The specimens welded at 138 and 172 kPa 
(for both weld speeds) and the specimens welded at 207 kPa 
at 43.5 mmls weld speed failed at a load approaching the 
UTS for 3003 aluminium (i.e. 570 N) regardless of the am-
plitude settings. Where higher contact pressures were used, 
the level of defonnation at the weld interface became sig-
nificant, resulting in weld failure at low loads. Fig. 2 shows 
diminishing loads, for samples welded at 34.5 mmls weld 
speed, with increasing contact pressure and amplitude. Fig. 3 
shows how the test failed due to the thin gauge foil used 
which was unable to produce a sufficient turning moment, to 
the lapped region, causing the specimens to break in tensile 
rather than shearing mode. 
4.2. Peel test 
A peel test was perfonned in accordance with BS EN 
2243-2:1991. The peel test apparatus was constructed and 
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Fig. 2. Lap-shear test results. 
attached to a standard tensile test machine. The speed of the 
pulling grips was 50 mm/min. Fig. 4 shows the apparatus and 
the test geometry of the specimen during loading. Specimens 
were prepared by first cladding a layer of 3003-HIS foil 
to an aluminium !O50-TO supporting plate. A second layer 
of foil was then welded to the first. The supporting plate 
was necessary to prevent the 3003 specimens from flexing 
when loading in the rollers. All specimens were prepared 
and tested by the same procedure. 
The peel test was found to be effective at giving an indi,-
cation of weld effectiveness. The highest resistance to peel-
ing recorded was !OS ± 5 N where a 34.5 mmls weld speed, 
at 207-276kPa and S.4-14.3lJ.m amplitude were used. For 
specimens produced at 34.5 mmls weld speed, increasing 
the amplitude generally improved resistance to peeling. The 
Tensile n 
load V 
Tensile 
load 
__ Failure 
In tensile 
mode 
Weld 
interface 
Turning 
moment 
Fig. 3. Mode of failure in lap-shear samples showing effect of thin foils. 
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Fig. 6. Peel test failure modes. 
exception, in this set of graphs, was where specimens were 
produced at 14.3lLm amplitude where resistance to peeling 
diminished indicating an optimum had been achieved. Be-
yond this, weld integrity began to break down due to fatigue 
failure, through the weld being continually broken down 
and refonned, and excessive defonnation in the weld lead-
ing to thinning. Fig. 5 shows the peel test results at 34.5 and 
43.5 mm1s weld speed, respectively, with a range of ampli-
tude and pressure settings. 
Fig. 6 shows the two categories of failure mode that were 
observed. The two failure modes were: 
I. where there was a clear break at the beginning of a 
weld region (when a load was applied) indicating an 
Fig. 7. Examples of a partially bonded, fully bonded and unbonded weld interface. 
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Fig. 8. Weld interface with interrupted oxide. 
etTective weld giving a high load ranging from 68 to 
III N; 
2. where a specimen did not break at the beginning of weld 
region but failed as the breaking points grew under load. 
Typically, such failure resulted in weld loads ofless than 
75N. 
Under peeling action, a contact point remains bonded with 
unbonded material around it tearing, during failure, to give 
the effect of 'teeth'. The more contact points present, in 
a welded specimen, the higher the resistance to peeling, 
with shorter 'teeth' being observed. This indicated that, even 
though welds were produced, there may be regions where 
no atomic bond was present either through insufficient force 
being applied or through the presence of residual oxide at 
the weld interface. The peel test results were essentially 
an average measure of failure of the many contact points 
within a weld interface. Even so, the peel test did produce an 
incremental resistance to peeling as pressure and amplitude 
were increased and weld speeds decreased. 
4.3. Microstructural analysis 
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The aim of the microstructural analysis was to establish 
the proportion of bonded to unbonded area, within the weld 
interface, by taking physical measurements, from micro-
graph images of weld cross-sections, for each specimen pro-
duced. In this paper, the teon 'linear weld density' is used 
to represent the proportion of bonded area (Le. number of 
contact points) to unbonded area along the weld interface. 
From each of the three welded specimens produced, for each 
combination of parameter settings, cross-sectional samples 
were cut from the centre portion (approx. 20mm from where 
the weld commenced). These were followed by mounting, 
polishing and etching with Keller's solution, before exami-
nation under optical microscope at 200x magnification. Fig. 9. Microstructural analysis results. 
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Five images from each cross-section, of each of the spec-
imens, were taken along the interface. The proportion of the 
sampled area compared to the total weld area was 6.5% of 
the entire weld area in each welded specimen. Though small, 
the intention was to study the effect of the process parame-
ters in the formation of the contact points, as well as identify 
whether welded specimens, with high resistance to peeling 
load, could have unwelded areas along the weld interface. 
Fig. 7 shows the weld interface with unbonded areas dis-
persed along with the bonded area. The condition, shown in 
Fig. 7, was observed in all specimens, including those with 
the greatest resistance to peeling. On average, 100% bonds 
were never achieved due to the presence of residual oxide 
along the weld interface, as shown in Fig. 8. 
From the specimens measured, the maximum average 
linear weld density was found to be 87% for welds pro-
duced at 207 kPa contact pressure, 34.5 mmls weld speed 
and 14.3 JLm amplitude. Fig. 9 shows the linear weld density 
for selected specimens, prepared at various process parame~ 
ter settings, to reduce confusion if all the data is presented. 
Deviation within the data, for each set of UC specimens, 
was about ±15%. From Fig. 9, the specimens produced at 
34.5 mmls weld speed showed a near linear increase in linear 
weld density, as amplitude increased, that was independent 
of the contact pressures used. This would indicate that any 
increase in the contact pressure did not necessarily contribute 
to an increase in linear weld density. The same trend was 
. not as prevalent for the specimens produced at 43.5 mm/s, 
where the increased traverse speeds introduced some fluc-
tuations in the data. In addition, as the contact pressures 
approached 241 kPa then a slight reduction in linear weld 
density was observed, indicating that a threshold had been 
reached. 
27 
~ 241 
~ 
276kPa, 34.5mmls, 8.4~ 
276kPa. 43.5mm/s, 8.4lJm 
201 241kPa, 43.5mm/s, 8.4vm 
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Amplitude. Ilm 
S. Identifying the process window for 3003-H18 
By comparing the results from the peel test experiments 
(Fig. 5) with those from the linear weld density exper-
iments (Fig. 9), there would appear to be some degree 
of correlation between the results. In both cases, as weld 
speeds were reduced and amplitude increased then higher 
figures were measured for both methods. However, closer 
examination shows that there are occurrences where peel 
test responses are high but linear weld densities are low. 
For example, the two graphs that relate to 241 kPa and 
34.5 mmls weld speed, for both experiments, clearly show 
this difference indicating that a low microscopic linear weld 
density does not necessarily indicate an ineffectiveness 
weld. 
The exact reason for this was unclear, but an investigation 
into this phenomena revealed that the weld interface was in-
terspersed with heavily compacted clusters of oxide fonned 
during the scrubbing motion of the welding procedure. The 
presence of large quantities of compacted oxide clusters may 
result in a lower linear weld density being recorded, for this 
combination of process variable. However, on analysing the 
clusters, by SEM microscopy (Fig. 8), it was speculated that 
if the clusters became sufficiently compacted then they may 
form a bond to the aluminium alloy substrate and thereby 
contribute to the resistance to peeling load. Oxides are never 
be fully removed or dispersed into the substrate material 
during ultrasonic welding [6] and ceramic-to-aluminium ul-
trasonic bonqs have been reported [7] and are in commercial 
use. 
A second theory was that mechanical bonds may be tak-
ing place along the weld interface. Again this is a known 
effect in ultrasonic welding, where the two faying surfaces 
Process window 
276kPa. 34.Smmls. 14.31Jm 
10 
20 
30 
40 Weld Speed. 
50 mmls 
Fig. 10. General process windows for aluminium 3003·H 18 under VC conditions. 
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plastically deform and partially fold into each other at high 
energy settings. This theory was less likely, in this case, as 
no folding was visible on the weld interface of any of the 
specimens produced. 
Based on the data generated, from the peel test and mi-
crostructural analysis, the identification of an exact process 
window was not possible. However, a comparison did allow 
for the identification of the general process window that is 
shown in Fig. 10. This region lay within the process param-
eters: 
I. amplitude, ranging from 8.4 to 14.3 flm; 
2. contact pressure within 172 and 276 kPa; 
3. weld speed at or slower then 34.5 mmls. 
Fig. 10 shows a region of overlap for the two experiments, 
even though there was no certainty that the overlapped region 
was any more significant. 
6. Conclusions 
The process window for 100 !-Lm thick aluminium 
3003-H18 foils lies between 172 and 276kPa contact pres-
sure, 8.4-14.3 flm amplitude oscillation displacement and 
::;34.5 mmls weld speed. Specimens produced using low 
amplitude (6.8 flm), low contact pressure (\38 kPa) and fast 
weld speeds (43.5 mI;IIfs) produced poor bonds compared 
to the remaining specimens, produced across a range of 
combinations of process parameters. Increasing the contact 
pressure and amplitude produced greater dynamic inter-
nal . stresses at the faying surfaces, whilst reducing the 
weld speed allowed for a longer weld time and resulted 
in greater eiastic-plastic defonnation, and atomic diffu-
sion, across the weld interface. Overall, successful welding 
was dependent on the proper setup of these three para-
meters. 
The peel test was an indication of the overall strength 
of the weld resulting from the effectiveness of the contact 
points that form during welding, and perhaps the strength 
contributed by the atomic bonding between compacted ox-
ides at the weld interface and the base metal. Overall, the 
greater the number of fully developed contact points, within 
a given area of the weld interface, then the higher the peel-
ing load obtained. 
In order to identifY the dispersion and size of the contact 
points, a microstructural analysis was perfonned to measure 
linear weld density. Increasing the amplitude had a positive 
effect on linear weld density. Oxide and surface contami-
nants, within the weld interface, may be dispersed by higher 
amplitude settings and produce a higher linear weld density 
figure. 
Overall, neither approach could accurately quantify the 
effectiveness of a weld. However, if both approaches were 
used together, then a reasonable, qualitative assessment was 
possible. 
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Abstract 
For this paper, adaptive composites will be considered as structural materials for advanced aerospace applications which have 
the ability to measure and respond to external stimuli by adapting the structure accordingly, through embedded active or passive 
functional elements. The intention of this project was targeted at the fabrication of adaptive composites using a novel layered 
manufacturing technique called ultrasonic consolidation (UC). This paper details the initial study of this research to identify plastic 
deformation of the matrix material around shape memory al10y (SMA) fibres, and bond quality, based on the microscopic 
observation and mechanical test results obtained. The embedding method, considered during this study. has successfully produced 
laminate specimens, with full consolidation, within seconds, using low oscillation amplitude and low contact pressures «300 kPa). 
This work will report on the identification of the bonding characteristics for these SMA fibres when embedded in aluminium alloy 
3003 specimens. 
© 2004 Elsevier Ltd. All rights reserved. 
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l. Introduction 
The ultrasonic consolidation (UC) freefonn fabrica-
tion process was developed for the layered fabrication of 
metal components, where 3-D components are built by 
the repeated deposition and ultrasonically consolidation 
of metal foils. The final dimensions of the component 
are determined by a contour milling operation which 
defines each layer of the overall geometry, as defined by 
a solid CAD model [I]. The advantages of the UC 
process include the reduction of production lead times, 
the ability to weld a variety of commercially available 
materials, little or no prior oxide removal, and the 
ability to combine and weld different materials within 
the same structure [2-4]. This new work is based on the 
past success in applying the UC process to the produc-
tion of monolithic material structures. The objective of 
this work was to investigate the feasibility of applying 
the VC technology in the production of adaptive com-
• Corresponding author. Tel.: +44·1509·227568; fax: +44-1509· 
227549. 
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posite structures utilising embedded functional fibres 
within an aluminium matrix material. 
In recent years, engineers and materials scientists 
have focussed on the development of adaptive or smart 
structures that can monitor their own condition, control 
or heal damage and adapt to changing environments 
[5.6]. For example, many adaptive structures have been 
fabricated using multiple one-way shape memory alloy 
fibres for strengthening, actuating or frequency con-
trolling applications [7-12]. A shape memory alloy 
(SMA) has the unique property, known as shape mem-
ory effect (SME), which can recover its original shape 
after approximately 6% elongation [9,10]. This unique 
property is temperature dependent and its mechanism 
has been theoretically and experimentally explained by a 
number of authors [10--13]. Upon heating an embedded 
SMA fibre structure, recovery forces are induced in the 
fibres. Depending on the constraint provided by the 
matrix, these forces may be used to actuate a composite 
structure to control its shape and stiffness. Though 
embedded SMA fibres metal matrix composite struc-
tures have been identified in many applications, the 
fabrication process is limited to techniques such as 
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diffusion bonding, hot pressing and liquid metal infil-
tration. These processes are likely to damage or distort 
ductile SMA fibres due to their high-temperature and 
high-pressure applications. 
It was our intention to investigate whether the UC 
technique could produce adaptive structures with mini-
mal fibre damage/distortion and low chemical reaction 
interface. This is because the bonds are formed at rela-
tively low pressures «300 kPa), half the fusion temper-
ature of the matrix material, and with no melted 
structure. This paper focuses on the characterisation of 
SMA embedded aluminium specimens, through micro-
scopic observation and physical experiments, to deter-
mine both the nature of the interfacial bond and the 
plastic How in the matrix material around the SMA fibre. 
2. UC equipment 
In this study. unidirectional, continuous fibre 
embedded specimens were produced using equipment 
derived from a modified 3.3 kW seam welding apparatus 
and operated at a constant 20 kHz frequency. There are 
three process parameters which determine the bond 
quality; amplitude of oscillation, contact pressure and 
weld speed. Oscillation amplitude ranged from 6.5 to 
14.5 lUll, and relates to the longitudinal oscillatory 
movement of the sonotrode which forms the scrubbing 
action required to produce a weld. The contact pressure 
ranged from 0 to 690 kPa and a sonotrode traverse 
speed, across the work-piece (termed weld speed), 
ranging from static to 77 mmls. 
Fig. I shows the UC process, during which, the 
transducer-booster-sonotrode stack rotates counter-
clockwise at a predefined weld speed. At the same time 
the sonotrode oscillates transversely to the direction of 
consolidation and a contact pressure is applied to the 
sonotrode to ensure the workpieces are forced together, 
at the mating surfaces. Bonding of the layers of foil 
occurs through the action of ultrasonic oscillatory ac-
tion which causes highly localised interfacial slip be-
tween two surfaces which breaks up the surface oxide 
layer and other contaminants [14]. Internal stresses set 
up elastic-plastic deformation across the interface, 
ensuring intimate contact and atomic diffusion between 
the metal foils resulting in true metallic bonds. 
Table 1 
Transducer 
Ultrasonic oscillation 
Clamping force 
Ultrasonic OscJJlation 
• I 
Held stationary by anvil 
Rotating sonotrode 
Friction at interface 
break up oxides 
Atoms diffuse across 
dean interface 
Fig. 1. Schematic diagram of the ultrasonic consolidation process. 
3. Experimental methodology 
3.1. Materials 
Specimens were fabricated by embedding either single 
or mUltiple lOO I11ll one-way Flexinol 70 ·C NiTi SMA 
fibres within aluminium alloy 3003 monolithic tapes. 
The composition and mechanical properties of the alu-
minium 3003-HIS alloy and SMA fibre are showed in 
Table 1. Aluminium 3003-HIS foils have been previ-
ously characterised under UC conditions. The process 
window for this aluminium foil lies between 172 and 276 
kPa contact pressure, S.4-14.3I1m amplitude and" 34.5 
mmls weld speed [4]. The 3003 foils were used as sup-
plied with no further surface treatment. Each monolithic 
tape, used in the specimen fabrication, was prepared by 
first welding two layers of 3003 foils together (each foil 
was lOO lUll thick and 25 mm width). Continuous SMA 
fibres were then sandwiched between two layers of 
matrix tapes and consolidated in the direction along the 
fibre length to form a continuous bond. 
Materials composition and mechanical properties of aluminium alloy 3003 and SMA TilNi fibre 
Composition 
Young modulus (GPa) 
Yield strength (MPa) 
Ultimate tensile strength (MPa) 
Poisson's ratio 
Aluminium 
AI-l.SMn-O.6Si-O.7Fe-O.2Cu 
69 
185 
200 
0.3 
SMA fibre 
Ti-SO.ONi 
28 (Martensite)7S (Austenite) 
600 
1000-1400 
0.33 
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3.2. Process parameters 
To maintain consistency across the range of tests, the 
number of specimens, for each combination of the three 
control parameters, was identical. Each specimen was 
produced using a range of contact pressure settings, i.e. 
138,207,241 and 276 kPa (equated to 20, 30, 35, and 40 
psi respectively). A contact force of 138 kPa was used in 
this study to investigate whether plastic flow could be 
produced in the matrix material at a relatively low 
contact pressure. Three amplitude settings of 10%, 50% 
and 90% (reflecting minimum, medium and maximum 
sonotrode displacements which equated to 6.8, 10.4 and 
14.3 ~m displacement respectively) and two weld speeds 
of 27.8 and 34.5 mmls were used. 
3.3. Bond assessment techniques 
Bond assessments at the fibre-matrix interface were 
undertaken through microstructure examination and 
mechanical testing. Mechanical testing involved the 
determination of the fibre-matrix interfacial strength 
using both a microscopic fibre pullout technique and 
macroscopic thennal mechanical responses. 
The microstructural study involved the observation 
of plastic defonnation, of matrix material around the 
SMA fibres, and the bond quality between matrices and 
fibre-matrix interface. For each specimen, three SMA 
fibres were embedded parallel to each other so that void 
closure between the fibres could be measured. The 
experiment was designed to determine the process 
parameters which result in the 'earing and barrelling' 
effects which are normally found in the diffusion bond-
ing (HIPing) processes. Specimens produced, for any 
given combination of process variables, were cut per-
pendicular to the fibre axial direction and prepared 
following the standard procedures of lapping, polishing 
and Keller's etching. 
Specimens used in the fibre pullout test were prepared 
by embedding a single SMA fibre within Al 3003 matrix 
tapes, as shown in Fig. 2(a) and (b). The design of the 
18 
L...L---</ 
SMA fibres 
\ 0.4 t 
(a) punout te$t specimen 
Contact Pressure 
! ! ! ! 
~onot de 
Matrix 
(b) Section ,..k. During 
ton'SOfidilticn (c) AIr. punout test •• ~up 
Fig. 2. Specimen dimensions and test geometry of fibre pullout test. 
specimens was targeted to eliminate problems such as 
fibre-end effect (where the fibre end is embedded within 
the matrix), the effect of an off-axis fibre, during pulling, 
and inconsistency in embedding length, as found in a 
preliminary study. As Fig. 2(a) shows, each specimen 
was 5 mm in length, 25 mm in width and 400 ~m in 
thickness. An SMA fibre extended 5 and 30 mm 
respectively from both ends of the specimen, with loads 
applied to the long fibre end (see Fig. 2(c)). The pullou! 
test was performed at room temperature by loading the 
fibre for an extension of 3 mm, where steady pull out 
loads were obtained, at a strain rate of 0.5 mm/min. The 
specimens were then cross-sectioned and examined for 
fibre damage (i.e. distortion etc.) and for the condition 
of the fibre-matrix interface. 
A macroscopic thermal mechanical response test was 
used to investigate whether embedded SMA fibres, in an 
All dimensions in mm 
610.5 ~IUS = 12.5 
Consolidation direction 
Fig. 3. Dimensions and fibre orientation of specimens used to determine the thermal mechanical response. 
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aluminium matrix tensile test specimen, will contract, in 
length, if the specimen is heated above its transforma-
tion temperature. Aluminium alloy specimens will ex-
pand when heated, however, it was hoped that, by 
heating the specimens, at fixed boundary, the specimens 
should demonstrate a compressive force as thermal en-
ergy was applied. Specimens Were prepared by embed-
ding 5% volume fraction of SMA fibres within two 
matrix tapes by ultrasonic consolidation, as shown in 
Fig. 3. During testing, each specimen was subjected to 
initial room temperature and 5% uniax.ial elongation, 
producing a stress biased martensite microstructure [10) 
within the fibres embedded in the specimens. Each 
specimen was then heated at 5 °c/min, to 120°C, using 
Watlow fibreglass-reinforced silicone rubber flexible 
contact heaters. Changes in stress, during temperature 
increments, were recorded to plot the stress over tem-
perature curve and observe the thennal mechanical re-
sponses of the specimens. 
4. Results and discussion 
4.1. Microscopic observation 
From the microscopic observations, complete plastic 
flow was induced in the aluminium matrix that not only 
bonded the upper and lower ·matrix tapes, but also 
produced intimate contact with the SMA fibres which 
ran through the specimens. Fig. 4 shows an SEM image 
of a specimen consolidated at '27.8 mrnls weld speed, 
lOA f1111 amplitUde and 276 kPa pressure (Keller's 
etched). The centre-to-centre fibre spacing to fibre 
diameter (sIt!) ratio ranged from I to 3. However, fibre 
spacing did not affect void closure for any combination 
of process parameters and no visible voids or porosity 
were observed at the mating interface. In some speci~ 
mens, consolidated at low contact pressure and low 
amplitUde, a fine 'unbonded interface' was observed 
which separated the upper and lower matrices, after 
Keller's etching (see Fig. 5). Overall, no earing or bar-
relling effects were observed at and around the fibres in 
all specimens, including specimens consolidated at 138 
kPa. 
The experiment was unable to tell for what combi-
nation of process parameters, optimum bonding was 
produced. However, a microstructural examination of 
the fibres, after pullout, was conducted to explain this 
outcome. 
4.2. Fibre pulloul lesl 
The fibre pullout test showed that the specimens 
achieved an increase in the interfacial bond strength. 
Specimens prepared at low amplitude (6.8 f1111) show 
pullout figures up to 93% that of the SMA fibre breaking 
force. The breaking load for the SMA fibre, at 100 f1111 
Fig. 5. Unbonded interface between upper and lower matrix tapes 
(~eller's etched). 
Fig. 4. SEM micrograph of SMA embedded specimen prepared at 27.8 mmls weld speed, 10.4 J.Ull amplitude and 276 kPa contact preSsure (Keller's 
etched). 
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diameter, was around II N when axially (tensile) loa-
ded. 
Generally, better bonds were obtained when higher 
amplitude and contact pressures were used in the UC 
process. However, in this experiment, the resistance to 
pulling was found to reduce as higher amplitude settings 
were used, while, increases in contact pressure did not 
show any significant improvement in the fibre pullout 
force. For example, at a weld speed of 27.8 mm1s, the 
pullout force, obtained from specimens consolidated 
using 6.8 J.UIl amplitUde, was approximately twice as 
much as those obtained from specimens prepared at 
amplitudes of 10.4 and 14.3 J.UIl. Greater differences were 
found in specimens consolidated at 34.5 mm1s. The 
pullout forces, for specimen prepared at 6.8 !lm, were 
around 4 times greater than those consolidated at 10.4 
and 14.3 J.UIl amplitude. Where a 27.8 mm1s weld speed 
was used, it was hypothesised that the matrix deformed 
further, due to the longer consolidation time, leading to 
greater compressive forces being applied to the fibre. 
This is possibly why thepullout force was higher, as 
compared to specimens prepared at 34.5 mm/s, and is 
reflected in the data shown in Fig. 6(a) and (b). 
Based on these unusual findings. a further investiga. 
tion was conducted by examining cross-sections from 
the fibre pullout test specimens and determining the 
SMA phase transformation mechanism. An SMA fibre 
transforms to and from a martensitic structure due to 
its, temperature dependent, crystalline structure. Once 
deformed to the martensitic structure (at strained state), 
the material will stay deformed until heated, whereupon 
a phase transfonnation takes place, reverting the struc-
ture to the austenitic phase and the original dimension 
[W-l3). For example, at 10.4 and 14.3 ~m amplitude 
settings, the temperature generated at the weld interface 
would have exceeded the martensitic transformation 
temperature of 70 QC. This can be seen in the 'weld 
interface temperature vs. amplitude curve' in Fig. 7. The 
temperature was measured by embedding a K-type 
thermocouple within the aluminium matrix using 
ultrasonic consolidation. 
Where temperatures are generated, during the con· 
solidation process, which exceed the transformation 
temperature, of the embedded SMA fibres, then the fi-
bres will return to their austenitic phase. This will result 
in a contraction in fibre length and, at the same time, an 
expansion in circumference (based on a constant volume 
assumption) [15]. The effect of fibre diameter expansion 
would be to enlarge the 'cavity' that enclosed the fibre. 
The fibre diameter, when strained to its martensitic 
state, would ultimately be smaller than the cavity, cre-
ated during consolidation, which would result in a fibre 
pulling freely from its cavity on the matrix, as shown in 
Fig. 8(a}-{c). This phase transformation induced 
expansion and contraction in the fibre circumference, 
resulted in lower resistance to pulling in the specimens 
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Fig. 6. Fibre pUllout test result of specimens consolidated at (a) 27.8 
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Fig. 7. Curves showing interface temperature rise during consolidation 
versus ultrasonic amplitude. 
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Fig. 8. Cross-sectional area of pullout test specimens consolidated at 
(a) 6.8 J.IlD. (b) 10.4 Jlll1 and (c) 14.3 J.UD amplitude respectively. 
consolidated at 10.4 and 14.3 ~m amplitude. Similar 
changes in fibre diameter were observed in specimens 
consolidated at different contact pressures and at 34.5 
mmls weld speed. 
Where 6.8 ~m amplitude was used, lower tempera-
tures «70°C) were generated within the structure pre-
venting the SMA fibre from undergoing phase 
transformation (no contraction in length occurs). SMA 
fibres experienced compressive forces from the matrix 
which plastically deformed around them. The com-
pressive forces, combined with the frictional force, at the 
fibre-matrix interface, resulted in higher fibre pullout 
forces. 
Overall, no initial peak force (i.e. debonding) was 
observed, as would be expected in a typical fibre pullout 
test. in the specimens. during fibre pullout loading. In-
stead, frictional sliding appears to have dominated the 
behaviour during pullout loading. This indicated that, 
predominantly, mechanical bonding existed at the 
interface of these specimens. However, chemical bond-
ing, involving atomic diffusion, may be produced at the 
interface for a certain combination of process parame-
ters and bonding may break down as a result of Pois-
son's shrinkage or during phase transformation (Le. 
changes in fibre diameter). 
4.3. Macroscopic thermal mechanical responses 
Where specimens were attempted, with fibre volume 
fractions greater than 5%, it proved difficult to pack the 
fibres, with sufficient density whilst maintaining the 
lower temperatures required (i.e. low amplitude 6.8 ~m 
and low contact pressures 138 kPa), to retain the au-
stenitic structure of the SMA fibres. Upper and lower 
matrix tapes were separated in many locations, within 
the specimens. post consolidation, due to insufficient 
ultrasonic energy being delivered to the matrix materiaL 
Where 10.4 and 14.3 ~ amplitude settings were used in 
the fabrication process, specimens were produced. in 
seconds, with full consolidation being observed. 
Fig. 9 shows the results obtained from specimens 
prepared for different combinations of process parame-
ters against a 'control' monolithic tape specimen (pre-
pared using the same dimensions as shown in Fig. 3). 
Thermal mechanical responses were observed when the 
specimens were heated to 70°C, relative to the control. 
Where the temperature rose beyond the transformation 
temperature (70°C), these specimens exhibited a slower 
expansion rate of 0.32 MPa/°C, compared to the control 
at 0.38 MPa/°C, as indicated in Fig. 9. 
In a report presented by Amstrong et aJ. [16], a posi-
tive thennal mechanical response was observed when 
heating embedded SMA specimens by this approach. 
However, in our study, negative responses were obe 
tained. This may be due to two factors: the first was the 
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Fig. 9. Macroscopic thermal mechanical responses of 5% volume 
fraction SMA fibre embedded aluminium alloy. 
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lower fibre volume fraction used in the specimen fabri-
cation (22.9% against 5%), which limited the recovery 
forces generated by the SMA fibres when heated. The 
second was the weak interfacial bonds exhibited during 
the fibre pullout test. In order to overcome these pro-
blems, further work, to increase fibre volume fraction, 
and more importantly, to eliminate any changes in fibre 
diameter, during consolidation, is required. This may be 
achieved by providing fixed boundary constraints, at the 
fibre ends, during the specimen fabrication stage. Theo-
retically, reducing changes in fibre diameter will produce 
specimens that could resist higher pulling forces, which in 
turn, should improve the thennal mechanical response. 
S. Conclusions 
The feasibility of producing ultr.asonically consoli-
dated shape memory alloy fibres, embedded in alumi-
nium 3003 matrix material, has been investigated. Full 
consolidation was achieved at relatively low contact 
pressures «300 kPa) and at low temperatures «25% of 
the fusion temperature). No chemical reaction was evi-
dent at the fibre-matrix interface. Instead, physical andl 
or mechanical bonding existed at the interface, with fibre 
resistance to pulling being a function of the compressive 
and frictional forces applied to the fibre circumference. 
From the pullout test, unusual results were obtained 
due to the shape memory alloy's (SMA) unique property 
the shape memory effect. Where high amplitudes (10.4-
14.3 I'm) were used, the SMA fibre transformed tJ'its 
austenitic phase, as heating occurred, above the trans-
formation temperature (70°C), resulting in the fibre 
contracting in length and expanding in its circumfer-
ence. This effectively reduced its resistance to pulling, 
during loading, as the SMA fibre returned to its 
martensitic phase, with a smaller fibre diameter, as 
compared to the cavity created in the deformed matrix. 
Where a low amplitude setting (6.8 I'm) was used, no 
transformation took place resulting in a higher resis-
tance to pulling. 
The experiment for thermal mechanical response 
showed that specimens, with embedded SMA fibres, 
could change the thermal expansion rate of the speci-
men, when heated above the fibre's phase transforma-
tion temperature. Further work, is required, to improve 
the bond quality and improve the thermal mechanical 
response of embedded SMA fibre matrix structures. 
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Abstract: Ultrasonic consolidation (UC) is a solid freeform fabrication technique developed 
for the manufacture of metal parts. The mechanisms by which bonds are formed, during the 
UC process, are based on a combination of the surface effect and the volume effect. Based on 
the outcomes of peel tests and microstructural analysis, this paper will consider the influence 
of these two phenomena on the weld strength of specimens. A model is presented to describe 
how calculations for weld strength may be derived on the basis of the theory of surface and 
volume effects. Through the'application of the model, it was possible to demonstrate that the 
weld strength may be 7 per cent greater than the tensile strength of the base metal. The identi-
fication of the phenomena and the development of a model for weld strengrh have led to the 
modification and production of an enhanced test procedure which is described in this paper. 
Keywords: layered manufacturing, weld strength, solid state welding, aluminium alloy, 
ultrasonic consolidation 
1 INTRODUCTION 
The ultrasonic consolidation (UC) process is a pro-
prietary process based on rapid prototyping and 
rapid tooling fabrication techniques that is capable 
of overcoming some of the issues associated with 
freeform laser fusion techniques [11. The basic prin-
ciples for the UC process and conventional ultra-
sonic seam welding are similar. However, the UC 
process involves the application of ultrasonic oscil-
latory energy sequentially to weld layers of metal 
foil to one another, during which the profile of each 
layer is created by a contour milling operation, 
whereas ultrasonic seam welding is generally used 
to join two overlapped sheets. The UC process 
produces metal components and tooling and is cur-
rently being developed as a promising technique to 
produce functionally graded structures, metal matrix 
composites, and fibre-embedded adaptive structures. 
The identification of a weld strength model will help 
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to control the mechanical properties in fabricating 
components and also feed into the ongoing exper-
iments on adaptive composite fabrication and ultra-
sonic cladding! skinning of metal structures. 
2 BACKGROUND TO ULTRASONIC 
CONSOLIDATION 
The UC machine used was derived from a modified 
3.3 kW seam welding apparatus operated at a con-
stant 20 kHz frequency. During the welding process, 
the transducer-booster-sonotrode stack rotates 
counterclockwise, at a predefined speed, while ocil· 
lating transversely to the direction of the weld (see 
Fig. I). A constant load or 'contact pressure' is 
applied to the sonotrode to generate a highly 'loca-
lized' scrubbing action at the mating surfaces of the 
workpieces. This action breaks up surface contami-
nants and oxides to permit metal-metal contact 
[2, 3J at regions within the weld interface (termed 
'contact points'). As welding continues, the scrub-
bing action produces elastic-plastic deformation, 
within the weld interface, across which diffusion 
Proc. !MechE Vol. 219 Pat1: c: J. Mecha!l!cal Englneedng Scil!'n('e' 
84 C Y Kong, R C Soar. and P M Dickens 
[~l ...,... l- Rotating sonotrode :mlJ-L-j...-l-" _ . .1 I Booster ,---1-7""--'" 
Transducer 
Ultrasonic _ 
oscillation 
< ..... 
Held stationary byan';;j' 
TI 
Friction at Inlerface 
break up oxides 
Atoms diffuse across 
clean interface 
Fig. I Basic principle of ultrasonic consolidation 
and plastic flow take place [4J. Depending on the 
traverse speed of the sonotrode, oxides and surface 
contaminants continue to break up and may 
be displaced within the vicinity of the interface and 
along the weld zone [5, 6J resulting in solid-state 
metallurgical bonds and no noticeable external 
deformation of the specimen [7, 8J. 
Within the UC process, as with all ultrasonic pro-
cesses, there are three control parameters: amplitude 
of oscillatory displacement, contact pressure, and 
weld speed. Under ultrasonic oscillation the sono-
trode reciprocates longitudinally along its axis in 
the range of around 6.5-14.5 fl.m. The contact 
pressure, ranging from 0 to 690 kPa, ensures intimate 
contact between the workpieces. Tbe third variable is 
the sonotrode traverse speed (or weld speed) which 
has a range from static to 77 mm/s. 
3 CHARACTERIZATION OF THE UC PROCESS 
Initial research, described in previous publications 
[9,10J, centred on the identification of the optimum 
combination of process variables to produce welds 
in 3003 and 6061 alloys. The model of weld strength 
described in this paper is based on the results obtained 
with the 6061 alloy specimens produced. 
In the experiment, annealed aluminium 6061 foils 
of 25 mm width and 100 fl.m thickness were used as 
this is the standard size for foils used in this and 
other commercial UC equipment. Thin foil will 
ensure high accuracy, as well as better resolution of 
Proc. IMechE Vol. 219 Part C: J. Mechanical Engineering Science 
the built component. Thicker foils can be used for 
faster build-up times, but this must be balanced by 
a possible reduction in bond efficiency owing to 
insufficient ultrasonic energy being delivered to the 
material to create metallurgical bonds. The 6061 
foils were surface cleaned with degreaser (petroleum 
distillate) and wiped with a soft cotton cloth to 
remove any oil, friable oxide, and contaminant. The 
reason for the surface preparation procedure was 
because of the presence of a distinctive oxide layer 
predominantly of, magnesium oxide (MgO) inter-
spersed with aluminium oxide (Al20 3). The resultant 
MgO oxide layer was powdery in appearance and fri-
able, with a thinner Al20 3 layer beneath it [ll, 12J. 
During welding, the UC process was incapable of 
dispersing the MgO layer, which tended to shear 
readily, compared with the underlying Al20 3 and 
bulk metal, resulting in slip and energy absorption 
between the two mating surfaces [13, 14J. 
3.1 Peel test 
Peel tests were performed to determine the weld 
quality, based on the average resistance to peeling, 
of the contact points within the weld interface. 
Generally, as the number and size of contact points 
increased, so did resistance to peeling. Peel test 
specimens were prepared by first cladding a single 
layer of 6061 foil to an aluminium 1050 supporting 
plate (28 mm wide x ISO mm long x 1.2 mm thick) 
and followed by second layer of foil. Tbe free length 
of 6061 foil used to load the joint was 100 ± 5 mm 
and was attached to a standard tensile test machine. 
Loads were applied to the second foil, as shown in 
Fig. 2a, at a pulling speed of 50 mm/min. 
Figure 2b shows the peeling load data for speci-
mens welded at various process parameter settings. 
Amplitudes at 6.B, 10.4, and 14.3 fl.m represent the 
minimum, medium, and maximum amplitude of 
the UC equipment. From the results it was observed 
that, for specimens produced at high contact press-
ures (>241 kPa) and slow weld speeds «34.5 mm/s), 
the specimens failed through a mode I crack-like 
geometry (tensile failure) at the beginning of the 
weld region, at around 71.7 N, and represented 
failure in the single foil and not the welded region. 
For this research this figure was termed the 'critical 
peeling load'. Specimens that failed at loads below 
the critical peeling load produced tears within the 
weld region, propagating from the various contact 
points. 
Tbe inability of the peel test to indicate weld 
strength above the critical peeling load was therefore 
an indication of its limitation, as it could only 
measure weld strength up to the point where failure 
occurred in the base metal foil, whereas weld 
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Fig. 2 la) Peeling test apparatus showing specimen 
support and Ib) peeling load versus contact 
pressure of 6061 alloy specimens welded for 
each combination of contact pressures and 
amplitude settings 
strength within the weld interface may well increase 
beyond this point. It was only through microstruc-
tural analysis that significant differences began to 
show. 
3.2 Microstructural analysis 
A microstructural procedure was established to 
analyse the weld interface between the two welded 
strips offoil. For this analysis, the 'linear weld density', 
a, was used to represent the percentage of contact 
points showing diffusion (i.e. the real contact area), 
A" as a proportion of the sample area of the weld 
C01604 ~ IMcchE 20(}5 
interface studied (i.e. the apparent welded region), 
Ap' and was expressed as 
A, 
a=X x 100% 
p 
From each of the three welded specimens prepared, 
for any combination of control parameters, three 
samples were cut from the beginning, centre, and 
end of the weld region. These were mounted, 
polished, and etched with KeDer's solution, before 
being examined under a x 200 optical microscope. 
Parameters A, and Ap were measured by taking physi-
cal measurements from micrograph images of the 
weld cross-sections of the specimens. 
From these measurements, an average linear 
weld density of up to 45 per cent was recorded. 
This figure would be expected to increase further if, 
say, a chemical etching operation were employed 
prior to welding. Figure 3 shows the average linear 
weld density of the specimens produced at incre-
mental contact pressures ranging from 138 to 
276 kPa. The figure shows a consistent increase in 
the number and proportion of contact points 
within the weld interface as welding parameters 
increase (or decrease in the case of weld speed). 
Figure 4 presents an SEM micrograph of the weld 
interface, showing a discontinuous oxide layer and 
visible contact points between the foil base metals . 
Comparing the microstructural data with the peel 
test results in Fig. 2b, the data from the two graphs 
appear to 'track' up to the 'critical peeling load'. 
Beyond this point, the microstructural data indicate 
that weld strength may be increasing (whereas the 
peel test data level off) beyond the point at which 
the foils were failing in the peel test. At that stage, 
however, the microstructural data could not be 
so 
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Fig. 3 Linear weld density of specimens welded for 
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Pruc. IMt'chE Vol. 219 Part C: J. Mechanical Engineering Science 
86 C Y Kong. R C Soar. and P M Dickens 
Fig. 4 Cross-section of the 6061 alloy specimen, 
showing the weld interface with contact points 
and oxides dispersed along the interface 
correlated directly with the peel test data, as the 
microstructural analysis data were, essentially, stat-
istical measures from sampled points within the 
weld interface. The next stage of the research was 
therefore to identify how these datasets could be cor-
related, and this was done by understanding how 
ultrasonic welds, and ultimately weld strength, are 
formed during the consolidation process. 
4 THEORY OF SURFACE AND 
VOLUME EFFECT 
When discussing ultrasonic welding in metal joints, 
weld strength is derived from two phenomena, 
namely the 'surface effect' and the 'volume effect' 
[15-19[. The surface effect describes the interfacial 
friction between the two mating surfaces, while the 
volume effect concerns the internal stresses and 
plastic deformation within the metal during welding. 
Most ultrasonic welding operations are governed by 
the surface effect where, under oscillatory vibration, 
the friction and bonding mechanisms are a function 
of applied forces, the surface topography, the nature 
of the oxide film, and the relative hardness of the 
oxide and its underlying metal [20, 21J. Less is 
known of the volume effect, as it does not directly 
affect conventional welding operations. What differ-
entiates the UC process from traditional ultrasonic 
metal welding operations is the exploitation of plas-
tic flow within the metal foils (owing to tlle volume 
effect). This mechanism allows the embedding of 
delicate active/passive fibre elements and com-
ponents within a three-dimensional metal structure 
as they are fabricated. Prior research has shown 
that ultrasonic energy enhances the plastic defor-
mation of metals during metal working owing to a 
Proc. IMechE Vol. 219 PlUl C: J. Mechanical Engineering Science 
combination of dislocation generation, mobiliry, 
and interaction processes [15-18, 22J, and, although 
a number of publications have reported both surface 
and volume effects in ultrasonic metal working, the 
mechanism describing these effects, when applied 
to the UC process, has not been fully explained. 
4.1 Surface effect 
Before discussing friction and bonding mechanisms, 
it must first be understood how the surface film, in 
particular the oxide layer, influences weld formation. 
For most aluminium alloy foils, the oxide present on 
the surface is AlzO" the properties of which do not 
affect weld quality in ultrasonically welded speci-
mens owing to its inherent brittle characteristics. 
As welding proceeds, the oxide layer is 'scrubbed' 
against that of its neighbour, which effectively 
shatters and disperses it. The effect is enhanced by 
plastic flow (volume effect) set up within the base 
metal, beneath the oxide layer, which assists this 
process through surface buckling (elastic-plastic 
deformation) [2J. . 
The friction and bonding mechanisms that take 
place during ultrasonic welding may be explained 
by friction theory. Of the many theories that exist, 
it is the present authors' opinion that the 'stick-
slip phenomena' [231 may best describe the bonding 
mechanism during ultrasonic welding. Under ultra-
sonic excitation, the sonotrode vibrates transversely 
to the direction of welding and creates friction to 
the mating faces of the workpieces. Asperities on 
the opposite surfaces of the work pieces shear over 
each other, where bonding between asperities 
(stick) and destruction of contact points (slip) 
occur [4, 19,22,241. During the stick phase of the 
bonding process there may be mechanical inter-
locking or chemical bonding within the contact 
points, leading to diffusion of atoms across the 
weld interface and, therefore, a growth in the weld 
strength. The slip phase, which follows the stick 
phase, leads to a breakaway of the contact points 
and a rapid sliding motion, or displacement. As 
sliding continues, surface deformation increases, 
the oxide film is displaced, and contact points 
increase in both number and cross-sectional area 
until the stick phase re-establishes itself. The conti-
nuous formation and breakdown of contact points, 
during welding, produces strain hardening at the 
weld interface which may increase the weld strength 
of the specimen. 
4.2 Volume effect 
The volume effect occurs when ultrasonic energy 
absorbed into the dislocations increases the mobility 
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of dislocations within the clystallattice 117,22,251. 
During plastic deformation, high resistance stresses 
(or static yield stresses) are produced within the 
material owing to the obstacles, such as grain bound-
aries, imperfections, etc., that block dislocation 
movement. Where additional energy (i.e. additional 
forces generated through thermal energy or, in the 
present case, ultrasonic energy) is available to free 
the dislocations, then dislocation-obstacle inter-
action forces are relatively low, resulting in the 
metal being deformed at relatively low stresses. 
This phenomenon, during ultrasonic excitation, 
was reported by Langenecker 1221 as an 'acoustic 
softerting' effect. 
By superimposing ultrasonic energy and contact 
pressure (static normal force), large numbers of dis-
locations may then overcome any existing resistance 
to deformation, resulting in large plastic deformation 
at the weld interface. The resultant plastic defor-
mation, when combined with the surface friction 
mechanism, breaks up the oxide layer and enhances 
contact point irtitiation and growth, which increases 
the linear weld density. Moreover, as high-intensity 
u1trasortic energy is used in the UC process, there is 
an increase in dislocation density owing to the pro-
duction of new dislocations 117]. Since the weld 
interface has more grain boundaries and imperfec-
tions, which are barriers to the development of 
plastic deformation, the greatest accumulation of 
dislocations will be found in and around the contact 
points. Mechanisms for dislocation 'pile-up' were 
studied by Langenecker [22], using ultrasonic 
assisted tensile testing and electrortic microscopic 
analysis, and this phenomenon was known as 
'acoustic hardening'. Relating these mechartisms to 
the research may explain why the welds produced 
had higher strength after ultrasonic welding by com-
parison with the base metal. 
5 DETERMINATION OF WEW STRENGTH 
5.1 Limitations of the peel test for predicting 
increasing weld strength 
From the peel tests performed it was stated that, as the 
'critical peeling load' was exceeded, the specimens 
failed in the base metal adj acent to the weld region, 
and not in the weld region itself. The implication 
was that, for specimens with sufficient weld strength, 
the weld could resist greater peeling loads than the 
base metal, with the effect being seen as a 'levelling 
off' of the peeling load data as failure occurred in the 
base metal adjacent to the weld 
The theory of surface and volume effects has 
shown how weld strength may be greater than the 
C01601 0 IMechB 2005 
strength of the base metal. Essentially, the levelling 
off seen in the peel test data was an indication of 
the limitation of the test when estimating weld 
strength, as it could not indicate by how much 
the strength of the weld had increased beyond the 
strength of the base metal. It was therefore important 
to identify a method for calculating increasing weld 
strength above the 'critical peeling load'. 
5.2 Theoretical model for weld strength 
As stated, strain harderting and acoustic hardening 
in the weld interface meant that weld strength 
should continue to increase, as amplitude and 
contact pressure increase and weld speed decreases, 
beyond the critical peeling load. It was possible to 
show an increase in weld strength and produce a 
model to describe this process by, essentially, super-
imposing the microstructural analysis data (linear 
weld density) onto the peel test data, as shown in 
Fig.5. 
The relationship between failure of the weld 
during the peel test and its strength, uw , was drawn 
upon to produce two equations that describe failure 
below, at, or above the critical peeling load 
F < Fw,crih 
F> Fw,crih 
Fw 
Uw=-Aw 
Fw,crit Cl 
uw =---Aw £lent 
(1) 
(2) 
where Fw is the peeling load obtained from the peel 
test, Fw."" is the critical peeling load defined by a 
sharp clean break produced in the base metal adja-
cent to the weld region, Aw is the predicted 'effective 
:. 
Weld strength based on 
combined results 
::E ~ ~U~T~S~~~b=a= •• ~me~~~I ___ ~~~~~-=~~ 
Weld strenih based on i peelles! results 
i 
Contact Pressure. Amplitude, Welding time 
(kPa, (um) (s' 
Fig. 5 Theoretical model showing the difference in 
weld strength plotted using peel test results 
and the combination of peel test data and 
linear weld density 
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load-bearing area' which is defined as a very thin area, 
within the weld region, comprising bonded and 
unbonded areas, and ",rit is the linear weld density 
at the critical peeling load (a'rit = 38.8 per cent). 
Calculation of Aw was based upon prior research 
by Madaah-Hosseini and Kokabi [26] who quantified 
weld strength using both peel test data and the Aw_ 
To apply this work to UC successfully it was necess-
ary to identify an effective calculation of Aw owing 
to the differences in the forces used in the present 
research and the research by Madaah-Hosseini 
and Kokabi. In Madaah-Hosseini and Kokabi's 
research, the calculation for Aw was based on cold 
rolling equipment capable of producing up to 80 
per cent deformation in the two surfaces being 
bonded. This would not be the case for the UC 
research owing to the lower contact pressures used. 
To identify Aw , the formulae 
Fw. crit 
qw.cdl=~ and Uw,cril = Urn (3) 
are conSidered, where U w, crit is the critical weld 
strength and Urn is the strength of the base 
metal. To solve equation (3), the effect of strain 
hardening [25[ 
Urn = K(e)" (4) 
must be considered, where K is the stress at unit 
strain (K = 224 MPa) and n is the strain hardening 
exponent (n = 0.209) for 6061-TO alloy foil [27], and 
e is the true strain. At room temperature, the strength 
of the 6061 foil, under tensile loading, was 115 MPa, 
and therefore the strain e = 0.041. 
As the critical weld strength was uw• ,ri. = Urn = 
K(e)" and the critical peeling load, drawn from the 
peel test data, was 71.7 N, then within the weld 
interface 
A _ Fw, crit 
w - K(e)" 
was 0.624 mm2; Aw was assumed to be constant in 
this model, as the testing procedure for all peel test 
specimens was identical. 
5_3 Application of the weld strength model 
Using equations (1) and (2), weld strength was 
plotted and is shown in Fig. 6. The graph shows 
that the weld strength of specimens produced 
at contact pressures ranging between 241 and 
276 kPa, an amplitude of 10.4 Jl.m, and weld speeds 
of 34.5 mmls was greater than the strength of 
the base metal. The maximum weld strength was 
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122.8 MPa which was around 6.8 per cent higher 
than the strength of the base metal. Overall, weld 
strength increases with an increase in contact press-
ure and amplitude. Reducing the weld speed (at con-
stant contact pressure and amplitude) increased the 
welding duration and delivered more ultrasonic 
energy to the workpiece_ This is reflected in Fig. 6 
where, at constant pressure and amplitude settings, 
average weld strength increased by around 15 per 
cent as weld speeds were reduced from 43.5 to 
27.8mm/s. 
Figure 7 shows that weld strength may also be esti-
mated by identifying the linear weld density and the 
contact pressure used. For example, a specimen with 
a linear weld density of 30 per cent and prepared 
using a contact pressure of 276 kPa had an average 
weld strength of around 11 0 MPa (depending on 
the amplitude setting and weld speed used, the 
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Fig. 7 Correlation of weld strength with linear weld 
density of welded specimens 
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weld strength may be greater or lower than this 
figure). 
5.4 Relating increases in weld strength to 
micro hardness across the 
weld interface 
Although there was no way to test for an increase in 
weld strength beyond the critical peeling load, it was 
possible to confirm the changes in weld strength at 
the interface by looking for increases in hardness, 
as predicted by the theory of surface and volume 
effects. Vickers microhardness readings were taken 
using cross-sectional samples through the bulk 
aluminium and into the weld interface, using the rela-
tionship between material hardness and strength, 
in terms of mechanical properties. 
(a) 60 ,-----------------, 
30 
---,_ .. _-,-
~6.8~. 34-' mm/. 
~10 ... pm.34.5mm" 
10 -6-14.3 pm. 3-4.11 mmls 
___ 10.4 pm. 38.8 mm" 
o .L-__ -::::=:::::::::::=:J 
100 150 200 250 30() 
Contact Pressure (kPa) 
(b) 60 r-------------, 
• Hv of un-welded foil • 
"> 60- ---------·-;---0--------------
is. • 0 ~ & 
... 40 - ............ _ .. -....... _-_ .. _._ .............. ,,-_ ......... ,-" .... , .... . 
.1l 
E 
~ 
z 
30 '-"'" .------..... 
i 2of------·---------------·---,·C ~ o138kPa 
::r; .201kPa 
10 W';!d speed ;34.5 ;';mI' ..... .... .276 kPa 
o ~Am~P~I~~Ud~.~.~1~2.~3~~~m~ __________ ~::::::~ 
o 60 100 150 
Position from Surface (~m) 
200 
Fig. 8 Microhardness test results: (a) specimen 
hardness number against contact pressure; 
(b) distribution of hardness measurements in 
the welded specimen, showing that the weld 
interface (at 100 !,-m from the surface) has higher 
IN compared with the surrounding regions 
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Measurements were taken by a Vickers diamond 
pyramidal indenter under a 50 g load for 15 s using 
a Buehler's Micromet 2100 microhardness tester. 
For each welded specimen, five measurements 
were taken at 50, 75, 100, 125, and 150 JLm respect-
ively, with the position at 0 JLm being the uppermost 
face of the weld, i.e. the surface that makes direct 
contact with the sonotrode during welding. With 
a foil thickness of 100 !,-m, microhardness measure-
ments for the weld interface were therefore 100 JLm 
below the surface. Six sets of measurements were 
recorded from three specimens welded using identi-
cal process parameters. The Vickers hardness 
number (RV) for each position was determined by 
averaging. 
From the measurements, acoustic softening and 
hardening, as predicted by surface and volume 
effects, were observed, as shown in Fig. 8(a). The 
results were the average of micro hardness values 
obtained from the weld interface (lOO !,-m from the 
surface). Acoustic softening was observed in speci-
mens welded at low contact pressures from 138 to 
176 kPa, producing HV measurements less than the 
hardness value of the unwelded 6061 foil (shown as 
a dotted line at HV = 50.16). In contrast, specimens 
produced using a 276 kPa contact pressure produced 
acoustic hardening at the weld interface, that hard-
ness number being around la per cent greater than 
that of the unwelded foil. 
As welding proceeds, dislocations move from 
the crystal lattice to the grain boundaries at the 
weld interface, leading to the acoustic hardening 
effect mentioned. By plotting microhardness in 
terms of the position of the measurement taken 
across the weld interface, Fig. 8b shows that, 
for those measurements taken at 50, 75, 125, and 
150 JLm from the surface, reduced hardness was 
140, 
120 
l 100 
~ 
~ 80 
c 
~ 60 
., 
la 40 ~ 
20 
o· 
30 35 40 45 50 55 60 
Hardness Number (Hv) 
Fig. 9 Correlation of weld strength to hardness at the 
weld interface of the specimens 
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present. after welding. compared with the hardness 
of unwelded foils. 
By combining the results of the weld strength and 
the micro hardness data in Fig. 9. a linear curve was 
obtained. confirming that. for increasing weld 
strength. the model shadowed the increase in micro-
hardness. Where specimens were produced at low 
contact pressures. low amplitudes. and high weld 
speeds. low-strength welds Were produced. as well 
as hardness measurements below HV = 50.16. At 
higher contact pressures. higher amplitudes. and 
lower weld speeds. the weld strength was equal to 
or greater than the strength of the base metal. 
6 CONCLUSIONS 
1. The standard method by which peel tests are 
used to identify weld strength in ultrasonic welds 
has been shown to have shortcomings as it is 
incapable of identifying weld strength above the 
tensile strength of the foils being welded. In such 
. cases. specimens fail in the region of the foil adja-
cent to the weld. predominantly as the weld has 
greater strength than the single foil being peeled. 
Microstructural analysis has been shown to be 
capable of overcoming this limitation by measur-
ing the proportion of 'contact points' within the 
weld interface. Of importance is that the method 
can show increases in the weld strength. though 
not quantifiable. above the point at which failure 
would occur in the peel test procedure. 
2. The application of the 'theory of surface and 
volume effects' was necessary in order to under-
stand how welds form. at the weld interface. and 
therefore how weld strength increases over the 
duration of the weld. Should strain hardening. 
due to the surface effect. and acoustic harden-
ing. due to the volume effect. occur at the weld 
interface. there would be an increase in hardness 
and hence in weld strength that the peel test 
would not be able to measure. 
3. A model has been described that <a) uses peel test 
data for each combination of process variables up 
to the point at which failure occurs in the base 
metal. occurs and (b) uses linear weld denSity 
data to show increases in weld strength at and 
above this point. The model therefore shows 
the effective increase in weld strength across a 
large range of process variables associated with 
the ultrasonic welding of 6061 alloy foils. 
4. A series of Vickers micro hardness tests have 
been conducted to validate whether acoustic 
softening and hardening were present in the 
weld interface. and also to show. by the associ-
ation between hardness and weld strength. any 
Proc. IMec::hE Vol. 219 Part C: J. Mechanical Engineering Science 
increase in weld strength above the point at 
which the peel test would fail. as the model had 
predicted. 
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